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 Artifi cial muscles from conducting poly-
mers (CPs) are full reliable Faradaic motors: 
the rate of the movement is under linear 
control of the fl owing current (charge per 
unit of time, or number of exchanged ions 
per unit of time) and the described angle 
is under linear control of the consumed 
charge. [ 5,6 ]  They are full reproducible: what-
ever the dimensions or the CP content 
the same charge per unit of CP weight 
produces in the same electrolyte a con-
stant displacement. [ 5–7 ]  When its Faradaic 
(chemical) nature is ignored, very complex 
mathematical, physical or thermodynamic 
models are being developed in order to try 
to describe both, movement rate and move-
ment position. [ 8–26 ]  In addition the driving 
reaction senses (simultaneously to de actua-
tion) any mechanical, thermal, or chemical 
change on the working conditions. Those 

dual sensing-motors open a new and unexplored world of artifi -
cial proprioceptive devices, [ 27–33 ]  products, and robots. 

 Bending bilayers (CP/tape, [ 34,35 ]  CP/metal, [ 36–38 ]  CP/plastic, [ 39 ]  
interpenetrated polymer networks [ 40,41 ]  are one of the most effi -
cient structures transducing reaction driven small volume vari-
ations in the CP fi lm to large (> ±30°) bending movements and 
macroscopic mechanical energy. The second layer (tape, metal, 
plastic) is required to translate the volume variation induced 
in the CP fi lm by its reaction into mechanical stress gradient 
across the bilayer, origin of the macroscopic bending move-
ment. Thus, the second layer is a passive layer that must be 
bended and trailed consuming energy during actuation. 

 Some asymmetric bilayers constituted by two different con-
ducting polymers, CP 1 /CP 2  (the two layer muscles are reactive) 
have been described in the literature. [ 42–50 ]  Here we will look for 
cooperative and synergic electro-chemo-mechanical effects con-
structing and checking an asymmetric bilayer by selecting two 
asymmetric CP fi lms: one of the fi lms must allow to those fami-
lies of CPs that swell during oxidation by entrance of anions and 
the second fi lms must allow to those families of CPs that shrink 
during oxidation by expulsion of cations. [ 3,4,51 ]  A PPy-ClO 4  
fi lm (PPy electrogenerated in presence of a ClO 4  −  salt) is the 
expected anion exchange layer during oxidation/reduction [ 52,53 ]  
and a PPy-DBS (PPy electrogenerated in presence of a dodecyl 
benzyl sulphonate salt) is the expected cation exchange layer 
during oxidation/reduction. [ 52,54 ]  The subsequent coulo-dynamic 
(angle vs consumed charge,  α / Q ) characterization of the PPy-
ClO 4 /PPy-DBS asymmetric bilayer muscle submitted to a 
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  1.     Introduction 

 Scientists, engineers, and tool/robot designers are developing 
a great activity trying to produce zoomorphic and anthropo-
morphic robots using soft and wet motors working in a similar 
way as natural muscles do. Inorganic, organic, polymeric, and 
carbon-based structures (carbon nanotubes, graphenes) respond 
to electric fi elds or to electrical charges with volume variations 
(electromechanical or electro-chemo-mechanical actuators, 
respectively). Electromechanical actuators require several volts 
(kV cm −1 ) for actuation. [ 1,2 ]  Electro-chemo-mechanical artifi cial 
muscles are polymeric motors driven by reversible electrochem-
ical reactions (Faradaic motors) generating reversible volume 
variations required to lodge/expel balancing counterions and 
water. [ 3,4 ]  A few mV of positive or negative potential increments 
reverse both, actuation movement and driving reaction. 
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voltammetric control and the parallel coulo-dynamic characteri-
zation of each of the PPy-ClO 4 /tape and PPy-DBS/tape bilayer 
muscles in NaBr aqueous solutions will corroborate the reaction 
driven ionic exchange (actuation) in each of the PPy layer and 
the quantifi cation of the expected cooperative actuation.  

  2.     Results 

  2.1.     Full Polymeric Artifi cial Muscles 

 After electrogeneration, rinsing and drying the PPy fi lms were 
peeled off from the supporting stainless steel electrode, cut in 
several strips, weighted, adhered to the tape (when required), 

and painted around with a narrow transversal paint strip close 
to the bilayer top: they are full polymeric devices not including 
any sputtered or deposited metallic fi lm. The transversal paint 
strip tries to avoid the electrolyte contact, by capillarity, with the 
metal clamp: parallel electrolyte reactions at the metal clamp are 
avoided during current fl ow. [ 55,56 ]   Figure    1  (a) shows a schema of 
the studied bilayer muscles. Figure  1 (b) shows a muscle in the cell 
and how the bending angle bellow the paint strip is determined.   

  2.2.     Stationary Coulo-Voltammetric ( Q / E ) Responses 

 The PPy-ClO 4 /PPy-DBS bilayer muscle was submitted to 
40 consecutive voltammetric cycles between –0.8 and 0.5 V at 
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 Figure 1.    a) Scheme of the PPy-ClO 4 /PPy-DBS, PPy-ClO 4 /tape, and PPy-DBS/tape bilayer artifi cial muscles: layer’s relative position, transversal paint 
strip, and electrical contact clamp metal alligator metal; b) Bilayer muscle in the cell and determination of the bending angle.
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a scan rate of 10 mV s −1  in 0.5  M  NaBr aqueous solution. The 
consecutive voltammograms present raising currents only get-
ting stationary responses (consecutive voltammograms overlap) 
after 40 cycles. By cycling original ClO 4  −  ions should be sub-
stituted in the fi lm by the new anion present in the control 
electrolyte, Br − , while the HDBS becomes NaDBS: the bilayer 
should become PPy-Br/PPy-DBS. On this way any previous 
structural memory [ 57–60 ]  attained during the PPy electropolym-
erization processes was erased and the internal fi lm structure 
(chains-ions-water) was readapted to the actual dynamic oxi-
dation/reduction conditions. The working conditions (electro-
lyte concentration, temperature, initial and fi nal potentials or 
potential sweep rate) can be changed then getting stationary 
voltammograms after only two consecutive cycles. 

  Figure    2  (a) shows the stationary voltammetric responses from 
each of the three studied muscles: PPy-Br/PPy-DBS (red), PPy-Br/
tape (Blue) and PPy-DBS/tape (green). The parallel bending move-
ments were video recorded in order to get the angle described 
at every applied potential. By voltammetric integration the con-
comitant coulo-voltammetric ( Q / E ) responses, Figure  2 (b), were 
attained showing practically closed  Q / E  loops: the oxidation charge 
equals the reduction charge indicating that the fl owing charge 
is consumed by the reversible PPy oxidation/reduction reactions 
driven the muscle actuation. [ 55,61 ]  Positive charge increments 
quantify PPy oxidation and negative increments, PPy reduction.   

  2.3.     Artifi cial Muscles are Faradaic Motors 

  Figure    3   shows the concomitant evolutions of the bending 
angles, got from the video frames, as a function of the con-
sumed electrical charge ( α / Q  plot) during the voltammetric 
sweep.  Figure    4   presents both, pictures taken from the recorded 
video frames and the parallel schemas indicating the described 
angle at each potential (points 1–5 were underlined).  

  The tape/PPy-Br (tape on the left side/PPy on the right 
side) bilayer muscle describes (Figure  4 a) a clockwise angular 

movement during the full potential range of PPy oxidation 
(Figure  2 b) indicating that the PPy fi lm swells  [ 53 ]  by the oxi-
dation driven entrance of anions (charge balance) and water 
(osmotic balance), corroborating the exchange of Br −  ions. 
Reduction charges (Figure  2 b) give anticlockwise angular dis-
placement (Figure  4 a) corroborating that the PPy fi lm shrinks 
by expulsion of Br −  and water. The voltammetric cycle drives 
a reversible angular movement of 30°. Coulo-dynamic ( α / Q ) 
results show (Figure  3 a) that the described angle is close to 
a linear function of the oxidation and reduction consumed 
charges. Those results support the Faradaic origin of the 
muscle movement driven by the reaction:
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 being A −  the anions exchanged for charge balance, Br −  here; 
( Pol )  m   + , the partially oxidized PPy fi lm chains; S, the solvent 
molecules exchanged for osmotic balance; the sub-index gel 
indicates the nature of the fi lm and ne −  represent the electrons 
exchanged for every chain oxidation/reduction. Volume varia-
tions required to lodge/expel  n  Br −  ions and  p  solvent molecules 
(and the concomitant described angles) are defi ned through the 
consumed charge,  Q , by the number of exchanged monovalent 
Br −  ions ( n  =  Q / e  − , being  e  −  the electron charge) and its ion’s 
and water molecule’s volume. [ 62 ]  

 During the device actuation the current fl ow promotes the 
PPy reaction, conformational movements of the chains (mole-
cular motors [ 63 ]  with generation/destruction of free volume 
required to exchange  n  Br −  ions and  p  water molecules. The 
consecutive events mimic, step by step, those taking place in 
natural muscles during actuation. [ 3,27,32,64 ]  

 The coulo-dynamic ( α / Q ) plot presents two hysteresis loops. 
The electrochemical reaction induces structural (relaxation, 
swelling, shrinking, closing, and conformational compaction) 
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 Figure 2.    a) Stationary cyclic voltammetric (CV) responses between –1.0 V and 0.7 V at 10 mV s −1  in 0.5  M  NaBr aqueous solution and at room tem-
perature from the PPy-Br/PPy-DBS, PPy-Br/tape, and PPy-DBS/tape bilayer muscles; b) Coulo-voltammetric (Q/E) responses obtained by integration 
of the CV.
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changes in the fi lm. [ 54,55,65 ]  The reaction induced osmotic bal-
ance is a physical process: it follows or precedes the Faradaic 
exchange of Br −  ions adapting its rate to the reaction driven 
structural conditions. The hysteresis loops should indicate 
asymmetric (not parallel to anion) water entrance/exit adapted 
to the actual Br −  concentration in the fi lm and to the reaction 
induced structural changes. [ 56,62,66–68 ]  Thus, after oxidation 
completion the bending angle still increases (Figure  4 a) when 
the PPy reduction starts: the PPy fi lm osmotic swelling goes on 
by entrance of water driven by the high concentration of anions 
in the fi lm while the anion’s expulsion begins. The osmotic bal-
ance is delayed related to the Faradaic exchange of anions. 

 The fi lm reduction drives consecutive fi lm shrinking, closing 
its structure (when the average distance between chains fi ts 
the diameter of the anion unit) trapping over 30% of the coun-
terions (Br − ), and conformational compacting. [ 52 ]  Figure  3  
points to a faster electro-osmotic expulsion of water around the 
closing potential: when the average “pore” diameter fi ts the ion 

diameter the moving Br −  ions drag the solvent in front of it, as 
ions do during paint electrodepositions. [ 69 ]  Under steady state 
conditions (balanced charge and osmotic pressure) the angular 
displacement of a muscle in different electrolytes allows the 
quantifi cation of the number of water molecules exchanged 
per reaction unit. [ 62,70,71 ]  In biochemical processes this a key 
number determining health or diseases that still cannot be 
determined. 

 The tape/PPy-DBS bilayer muscle describes (Figure  3 b) anti-
clockwise angular displacement during oxidation (Figure  2 b) 
corroborating that the PPy-DBS fi lm shrinks by oxidation with 
expulsion of Na +  and water. [ 72 ]  Reduction charges (Figure  2 b) 
give clockwise angular displacements indicating the PPy 
swelling by reduction with entrance of cations and water. A 
reversible bending movement of 50 degrees is described during 
the oxidation/reduction cycle (Figure  3 b) being the described 
angle a linear function of the consumed charge: this is a Fara-
daic muscle driven by the reaction:
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 Figure 3.    Angular displacement described by the three studied bilayer muscles as a function of the consumed charge during the voltammetric cycle a) 
PPy-Br/tape; b) PPy-DBS/tape, and c) PPy-Br/PPy-DBS.
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 where MA −  is the macro-anion (DBS −  here) trapped inside the 
PPy fi lm during electrogeneration of PPy  n   +  (oxidized chains) 
and C +  represents the exchanged cation, Na +  here. 
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 Figure 4.    Pictures and schemes of the angular displacements described by the different bilayers artifi cial muscles: a) PPy-Br/tape, b) PPy-DBS/tape, 
and c) PPy-Br/PPy-DBS at the potentials corresponding to points (1), (2), (3), (4), and (5) on the voltammetric and coulo-voltammetric responses from fi gure  2 .
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 The small hysteresis loop seems related to the asymmetric 
water entrance/exit following reaction induced structural 
changes and Na +  exchanges. 

 As expected from the driving reactions 1 and 2 the PPy-Br/
PPy-DBS bilayer muscle describes a clockwise bending move-
ment during oxidation (Figure  3 c): the PPy-Br fi lm swells by 
entrance of anions and water (reaction 1, forwards) and the PPy-
DBS fi lm shrinks by expulsion of cations and water (reaction 2, 
forwards). During the bilayer reduction the muscle describes 
anticlockwise bending movement driven by the opposed layer 
reactions and ionic movements. The described reversible angle 
during the potential cycle is (Figure  3 c) 200 degrees. The bilayer 
is a Faradaic muscle: the described angle is a linear function of 
the consumed charge [ 43 ]  through reactions 1 and 2. The ampli-
tude of the described movement is now over 6 times the ampli-
tude described by the PPy-Br/tape bilayer and over 4 times 
that of the PPy-DBS/tape bilayer in the same electrolyte for the 
same potential sweep range. 

 The bilayer muscle oxidation drives a simultaneous and 
asymmetric shrinking/swelling: the PPy-Br layer swells (reac-
tion 1, forwards) and pushes the bilayer and the PPy-DBS layer 
shrinks (reaction 2, forwards) and pulls the bilayer. Its reduc-
tion drives the simultaneous asymmetric swelling/shrinking. 
Reaction driven structural asymmetries originates a cooperative 
(synergic) electro-chemo-mechanical actuation (bending). 

 At the PPy-Br/tape and tape/PPy-DBS bilayer muscles 
the PPy fi lm is the only reactive (reaction driven swelling/
shrinking) layer during actuation: the only one pushing or 
pulling the device. The tape acts as a passive fi lm (necessary 
for the generation of the transversal stress actuation) but con-
suming energy to be bended (bending energy) and trailed 
(gravimetric energy). The asymmetric and cooperative reac-
tivity in the PPy-Br/PPy-DBS bilayer promotes a cooperative 
asymmetric pushing/pulling mechanical effect. The result is 
a magnifi cation of the angular displacement related to that of 
each PPy/tape bilayer muscles. The cooperative dynamic effect 
can be quantifi ed by the angle (degrees) described per unit of 
consumed charge (mC): 2,35; 0.34, and 0.52 (° mC −1 ) for the 
PPy-Br/PPy-DBS, PPy-Br/tape and tape/PPy-DBS bilayers, 
respectively.   

  3.     Conclusion 

 As conclusion, full conducting polymer asymmetric bilayer 
muscles produce cooperative and synergic electro-chemo-
mechanical actuation. The optimum asymmetric cooperation 
is attained when one of the fi lms exchanges anions swelling/
shrinking during its respective oxidation/reduction reactions 
and the second fi lm exchanges cations inducing shrinking/
swelling during oxidation/reduction, respectively. The coop-
erative effect is due to the asymmetric simultaneous swelling/
shrinking processes driven by the simultaneous oxidation of the 
two fi lms and the concomitant reverse asymmetric shrinking/
swelling driven by the two fi lm’s reduction: one of the layers 
pushes the device and the second layer pulls it. The asymmetric 
bilayer is a Faradaic motor (driven by electrochemical reac-
tions): the bending angle is a linear function of the consumed 
charge. The amplitude of the movement (described angle for 

bending muscles) per unit of consumed charge quantifi es the 
cooperative mechanical actuation. The asymmetric PPy-Br/
PPy-DBS bilayer muscle is 7 or 4 times most effi cient than the 
PPy-Br/tape and tape/PPy-DBS bilayer muscles, respectively. 
Small coulo-dynamic loops were related to asymmetric osmotic 
and electro-osmotic processes under reaction structural control.  

  4.     Experimental Section 
 Pyrrole (Fluka) was purifi ed by distillation under vacuum using a 
diaphragm vacuum pump (MZ 2C, SCHOTT) and stored in cold at 
–15 °C. Sodium bromide (NaBr, Sigma–Aldrich), Lithium perchlorate 
(LiClO 4 , Fluka), and Dodecylbenzenesulfonic acid solution 70 wt% in 
isopropanol (DBSA, Aldrich) were used as received. Ultrapure water 
from Millipore Milli-Q equipment was used. 

 All the electrochemical experiments were performed in a three 
electrodes electrochemical cell using a potentiostat-galvanostat Autolab 
PGSTAT100, controlled with a personal computer through GPES 
electrochemical software. As reference electrode for every experiment a 
Metrohm Ag/AgCl (3M KCl) was used. Every potential in this work is 
referred to this electrode. The polymeric fi lms mass and thickness were 
obtained by using a Sartorious SC2 balance (±10 −7  g) and an electronic 
micrometer (±1 µm) from COMECTA, respectively. Movement of the 
bilayer was recorded using a digital video camera DMC-FX77, Panasonic. 

 The electrogeneration of PPy-ClO 4  and PPy-DBS fi lms was described 
in previous works. [ 7,34 ]  

 A stainless steel working electrode was fi rst coated with a polypyrrole-
dodecylbenzenesulfonic acid (PPy-DBS) fi lm following the procedure 
described in reference. [ 7 ]  The coated electrode was then rinsed with pure 
water and was dried in a glass box containing silica gel (Panreac) for 
3 days. After that, the dry PPy-DBS coated steel electrode was immersed 
in 50 mL of a 0.10  M  LiClO 4  and 0.20  M  pyrrole aqueous solution and a 
PPy-ClO 4  fi lm was electrogenerated following the procedure described in 
reference. [ 34 ]  Once generated the PPy-ClO 4 /PPy-DBS bilayer was rinsed 
with water and dried in air at room temperature during 1 day. Once 
dried, the borders of the working electrode were scrapped and the two 
PPy-ClO 4 /PPy-DBS bilayer fi lms (one by side) were peeled off from the 
steel electrode. Those fi lms were cut into smaller strips each 20 × 1 mm, 
and 50 µm thick, weighing 0.78 ± 0.01 mg. A transversal paint strip, 
from 5.0 mm to 12.0 mm of the top, will avoid electrolyte capillarity to 
the metal contact. Each of the bilayer actuators was characterized in 
0.5  M  NaBr aqueous solutions by cyclic voltammetry.  
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