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ABSTRACT 

The electro-chemo-mechanical response of robust and flexible free-standing films 

made of three nanoperforated poly(lactic acid) (pPLA) layers separated by two 

anodically polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) layers, has been 

demonstrated. The mechanical and electrochemical properties of these films, which are 

provided by pPLA and PEDOT, respectively, have been studied by nanoindentation, 

cyclic voltammetry and galvanostatic charge-discharge assays. The unprecedented 

combination of properties obtained for this system is appropriated for its utilization as a 

Faradaic motor, also named artificial muscle. Application of square potential waves has 

shown important bending movements in the films, which can be repeated for more than 

500 cycles without damaging its mechanical integrity. Furthermore, the actuator is able 

to push a huge amount of mass, as it has been proved by increasing the mass of the 

passive pPLA up to 328% while keeping unaltered the mass of electroactive PEDOT. 
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INTRODUCTION 

Electro-chemo-mechanical artificial muscles made of electroactive polymeric films 

are motors driven by reversible electrochemical reactions (Faradaic motors).
1,2

 Thus, 

electrons are extracted from or injected to polymeric chains during the reactions 

generating positive or negative chains, respectively, while hydrated counterions (i.e. 

anions or cations accompanied with water molecules) are exchanged between the 

polymeric matrix and the electrolyte to keep the charge balance inside the film (Figure 

1a). Such electronic and ionic charge transport processes cause the conformational 

movements of the polymer chains that, together with the compositional variation inside 

the polymeric matrix (i.e. entrance and scape of hydrated ions), guarantee the film 

volume variation during reversible oxidation and reduction reactions (swelling and 

shrinking, respectively). These physical and chemical events (i.e. electric pulse, 

chemical reaction, conformational movements, ions and water exchange, and volume 

variation) resemble those taking place in natural muscles during the contraction and, 

therefore, the electrochemically driven reversible variations of the film volume are used 

to construct Faradaic electrochemical devices.
3-5

  

Bending artificial muscles based on electrochemical reactions have been mainly 

developed for conducting polymers (CPs),
4-6

 carbon nanotubes
7,8

 and graphenes.
9,10

 

Among them, the most studied are the bilayers made of CP/tape,
3,4

 CP/metal,
11,12

 

CP/plastic,
13

 in which the second layer acts as a passive element transforming the 

volume variation induced by the electrochemical energy into mechanical energy through 

a bending movement. Besides, interpenetrated polymer networks,
14-16

 with bending 

movements higher than 30º, and asymmetric bilayer made of two different conducting 

polymers
17-19 

have been also successfully developed. Other approaches have been used 

to construct electromechanical actuators for specific applications. For example, in the 
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field of elastic voltage controlled artificial muscles, CPs have been grafted to soft block 

copolymers to produce elastomer-like materials capable of more than 150% actuation 

strain.
20,21

 Agrawal et al.
22

 dispersed carbon black nanoparticles in a liquid crystal 

elastomer network to produce conductive nanocomposites and promote cell viability by 

applying electromechanical stimuli. More recently, Lee et al.
23

 reported on Micro-

ElectroMechanical (MEM) 3D-printed switches using conductive poly(lactic acid) with 

excellent mechanical actuation characteristics. Excellent reviews summarizing all these 

advances have been recently reported.
1,24-27

 

In this work we present a smart approach that synergistically combine the 

mechanical advantages of free-standing (also named self-supported) poly(lactic acid) 

(PLA) ultra-thin films and the electrochemical response of anodically polymerized CPs 

to produce effective multilayered Faradaic motors. More specifically, free-standing 5-

layered films consisting of three nanoperforated PLA (pPLA) ultra-thin films separated 

by two nanolayers of poly(3,4-ethylenedioxythiophene) (PEDOT), hereafter denoted 5-

pPLA/PEDOT (Figure 1b), fulfil the mechanical and electrochemical requirements of 

artificial actuators. Square potential waves have been used to induce bending 

movements in free-standing 5-pPLA/PEDOT films. Furthermore, the influence of the 

potential and the mass of electrochemically inert PLA on the cycle stability and 

amplitude of movement of the films has been analyzed. It is worth noting that both PLA 

and PEDOT are biocompatible polymers currently used in a huge amount of biomedical 

applications (e.g. in scaffolds, drug delivery and antimicrobial systems, tissue 

regeneration),
28-36

 thus, results derived from this work open new possibilities for 

engineering multifunctional biomedical devices. For example, devices based on 5-

pPLA/PEDOT functionalized at the top layer with porin proteins are expected to to 

convert the energy associated to the transport of metabolites in a Faradaic motor. 
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EXPERIMENTAL METHODS 

Materials. Poly(3-ethylenedioxythiophene) : polystyrene sulfonate (PEDOT:PSS) 

1.3 wt. % dispersion in H2O, 3,4-ethylenedioxythiophene (EDOT), polyvinyl alcohol 

(PVA) 87-89% hydrolyzed, and lithium perchlorate (LiClO4) were purchased from 

Sigma-Aldrich (USA). Polylactic acid (PLA) 2002D, a product of Natureworks, was 

kindly supplied by Nupik International (Polinyà, Spain). According to the manufacturer, 

this PLA has a D content of 4.25%, a residual monomer content of 0.3%, density of 

1.24 g/cm
3
, glass transition temperature (Tg) of 58 

º
C, and melting temperature (Tm) of 

153 
º
C. Acetonitrile and hexafluoroisopropanol (HFIP) were purchased from Panreac 

Quimica S.A.U. (Spain). 

 

Fabrication of free-standing 5-pPLA/PEDOT membranes. Free-standing 5-layered 

membranes were prepared adapting an already reported procedure.
37

 A PEDOT:PSS 

layer followed by a nanoperforated PLA (pPLA) layer, both spin-coated onto steel 

substrate (AISI 304 sheet of 33 cm
2
), were used as working electrode for the anodic 

polymerization of PEDOT. pPLA layers were obtained by blending PLA and PVA with 

a ratio of 90:10 v/v (PLA:PVA), prepared by mixing PLA (10 mg/mL) and PVA (10 

mg/mL) HFIP solutions, and removing PVA domains via solvent etching. Spin-coating 

was performed using the 1200 rpm for 60 s with a spin-Coater (WS-400BZ-

6NPP/A1/AR1 Laurell Technologies Corporation). 

PEDOT was electropolymerized by chronoamperometry in a tree-electrode cell 

under a constant potential of +1.40 V and adjusting the polymerization charge to 270 

mC. Chronoamperometries were performed using a VersaStat II potenciostat-

galvanostat connected to a computer controlled through a Power Suite Princenton 

Applied Research program. The cell was filled with 40 mL of a 10 mM EDOT solution 



6 
 

in acetonitrile containing 0.1 M LiClO4 as supporting electrolyte. The reference 

electrode was an Ag|AgCl electrode containing a KCl saturated aqueous solution (Eº = 

0.222 V at 25 ºC), while the counter electrode was a bare steel AISI 316L sheet.  

The combination of spin-coating and electropolymerization techniques was used to 

prepare 5-layered films, which alternate pPLA and PEDOT ultra-thin sheets, separated 

from the steel substrate by PEDOT:PSS sacrificial layer. Thus, the composition of such 

supported 5-layered films was pPLA/PEDOT/pPLA/PEDOT/pPLA, hereafter 

abbreviated 5-pPLA/PEDOT. Detachment of the 5-layered films from the steel substrate 

was achieved by selective elimination of the PEDOT:PSS sacrificial layer. Although 

PEDOT:PSS is not soluble in water, it forms a colloidal dispersion. After immersion 

into milli-Q water for 12 h, 5-layered films were detached from the steel substrate with 

tweezers. 

 

Profilometry. Film thickness measurements were carried out using a Dektak 150 

stylus profilometer (Veeco, Plainview, NY). Different scratches were intentionally 

caused on the films and measured to allow statistical analysis of data. At least eighteen 

independent measurements were performed for three samples of each examined 

condition. Imaging of the films was conducted using the following optimized settings: tip 

radius= 12.5 m; stylus force= 3.0 mg; scan length= 1 mm; and speed= 100 µm/s. 

 

Scanning electron microscopy (SEM). A Focus Ion Beam Zeiss Neon 40 instrument 

(Carl Zeiss, Germany) equipped with an energy dispersive X-ray (EDX) spectroscopy 

system and operating at 5 kV for characterization of the membranes was used. Films 

supported onto steel sheets were mounted on a double-sided adhesive carbon disc and 

sputter-coated with an ultra-thin carbon layer (6-10 nm) to prevent sample charging 
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problems. The diameter of the perforations was measured with the SmartTiff software 

from Carl Zeiss SMT Ltd. 

 

Nanoindentation. The mechanical response (hardness and elastic modulus) of the 

coating at the micro- and submicrometric length scale was studied by means of the 

nanoindentation technique. Nanoindentation tests were performed by using a 

Nanoindenter XP (MTS) with a Berkovich diamond indenter. This equipment worked 

with continuous stiffness measurement mode (CSM), allowing a dynamic determination 

of the mechanical properties during the indentation process. It was used a homogeneous 

array of sixteen imprints (four by four) working under displacement control mode. The 

tests were conducted at 100 nm of maximum displacement into surface to determine the 

coating mechanical properties in terms of hardness and elastic modulus. The distance 

between imprints was held constant and equal to 5 m in order to avoid any overlapping 

effect. Such conditions guarantee that each individual test could be treated as an 

independent statistical event. The strain rate was held constant at 0.05 s
-1

 and the shape 

of the indenter tip was carefully calibrated by indenting a fused silica standard of well-

known Young’s modulus (72 GPa). In order to get the hardness and the elastic modulus, 

the obtained data were analyzed by using the Oliver and Pharr equations as previously 

reported.
38,39

. 

 

Electrochemical assays. All the electrochemical assays were performed using the 

Autolab PGSTAT302N and Nova software. Experiments were conducted in LiClO4 0.1 

M aqueous solution at room temperature. A conventional AgAgCl 3 M KCl electrode 

and a platinum wire were used as reference electrode and counter electrode, 

respectively. Cyclic voltammograms were recorded with an initial and final potential of 
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−0.20 V and +0.60 V. Galvanostatic charge/discharge (GCD) cycles were applied to 

evaluate the durability of the membrane when submitted to electrochemical stress. More 

specifically, 1500 GCD cycles were applied at a current density of 1.05 mA/g with a 

cell voltage comprised between −0.20 V and +0.6 V. 

 

Electro-mechanical assays. The electro-mechanical response was measured 

applying a square signal of 0.6, 1, 2, 3 or 4 V for a time comprised between 2 and 10 s. 

The first half of the time (e.g. first 5 s in the case of 10 s) were with a positive voltage to 

oxidize the sample while the last 5 s were with negative voltage to reduce it (Figure S1). 

The movement with increasing weights was examined. For this purpose, the weight of 

the outer pPLA layer was increased by decreasing the spin coating rate to 900, 600, 300 

and 100 rpm during 60 s.  

Images were captured with the digital microscope Dino-Lite AM7013MZT 

previously calibrated. The area of each sample before and after stimulus was measured 

by the software Image J. All the experiments were repeated three times.  

 

RESULTS AND DISCUSSION
 

Self-standing 5-pPLA/PEDOT membranes were prepared adapting an already reported 

procedure,
37

 which is sketched in Figure 2. In brief, a sacrificial layer of 3023 nm 

thickness was obtained onto a steel AISI 304 sheet of 33 cm
2
 by spin-coating using a 

commercial aqueous solution of PEDOT doped with polystyrene sulfonate 

(PEDOT:PSS). Then, a pPLA layer was spin-coated onto the sacrificial layer. This was 

achieved by spin-coating a mixture of PLA and PVA. As these are immiscible polymers, 

the formation of spherical nanofeatures was induced by phase segregation (i.e. segregated 

nanodomains). The diameter of such nanofeatures was adjusted to the entire film 



9 
 

thickness by regulating the operational conditions of the spin-coating process (i.e. time 

and angular speed) and the concentration of the less abundant polymer (PVA) in the 

feeding mixture (see Methods section in the ESI). After this, selective water etching was 

applied to dissolve the less abundant PVA, transforming the formed nanofeatures into 

nanoperforations while PLA remained unaltered.  

The resulting PEDOT:PSS/pPLA bilayer was used as working electrode for the anodic 

polymerization of PEDOT doped with ClO4
–
. In all cases, pPLA layers were obtained by 

blending PLA and polyvinyl alcohol (PVA) with a ratio of 90:10 v/v, and removing PVA 

domains via water etching. PEDOT was anodically polymerized using a constant 

potential of +1.40 V and adjusting the polymerization charge to 270 mC. As it was 

proved in previous work,
37

 the anodic polymerization is successful due to the 

nanoperforations of the PLA layer, which allow the 3,4-ethylenedioxythiophene (EDOT) 

monomer to reach the internal semiconducting layer (i.e. PEDOT:PSS sacrificial layer or 

the previously electropolymerized PEDOT layer). This process was repeated until the 5-

layered film made of three pPLA layers separated by two anodically polymerized 

PEDOT layers was obtained (Figure 2).  

As determined by contact profilometry, the thickness of pPLA layers was 

approximately half of the thickness of PEDOT layers. More specifically, the thickness of 

the 1
st
 (adhered to the sacrificial layer), 3

rd
 (intermediate) and 5

th
 (external) pPLA layer 

was 954, 947 and 1149 nm, respectively, while the 2th an 4
th

 PEDOT layer exhibited 

a thickness of 21019 and 19918 nm, respectively. Accordingly, the thickness of the 

whole 5-layered film is around 0.7 m, which is distributed in 0.3 m and 0.4 m for 

the nPLA and PEDOT layers, respectively. Finally, the 5-pPLA/PEDOT film was 

detached from the steel substrate by immersion into milli-Q water for 12 h. More details 
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about the procedure are provided in the Electronic Supporting Information, while the 

success of each step was proved in previous work.
37

 

Figure 3a shows a representative supported 5-pPLA/PEDOT membrane with area of 

32 cm
2
 prepared for this work. This membrane is cut and converted into six self-

standing membranes with area of 20.5 by elimination of the sacrificial layer. Figure 3a 

also displays three of the resulting self-standing membranes floating in water. An 

average film thickness of 72560 nm was obtained by profilometry scratching. 

Membranes were stable on air and in water solution for their manipulation, stability that 

remained after months from their preparation. Rounded-shape nanoperforations at the 

surface of the supported 5-pPLA/PEDOT membrane are shown in the Figure 3b, which 

exhibits a representative SEM micrograph. The diameter of the nanoperforations, which 

allow to intuit the globular aspect of the internal PEDOT layer appearing inside them, is 

10934 nm. The internal PEDOT layers are more clearly identified in Figure 3c, which 

displays the transversal view of a self-standing membrane as well as representative 

energy dispersive X-ray (EDX) spectra from both surface and the internal regions. As it 

can be seen, the only elements detected at the surface were carbon and oxygen, which is 

consistent with the PLA composition, while the peak of sulfur corresponding to PEDOT 

is clearly identified at the spectrum of the internal region. Detailed structural (i.e. layer-

by-layer SEM and AFM studies) and spectroscopic (i.e. layer-by-layer FTIR and Raman 

studies) characterization of 5-pPLA/PEDOT membranes was provided in our previous 

manuscript
37

 and, therefore, in the rest of this study we have focused on the mechanical, 

eletrochemical and chemo-electro-mechanical response of the self-standing membrane. 

The variation of the micromechanical properties, hardness and elastic modulus, as a 

function of the indentation depth for the 5-pPLA/PEDOT membrane deposited over 

commercial steel is presented in Figure 4. In order to evaluate the effect of the substrate, 
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the micromechanical properties for the substrate steel were determined at the same 

conditions. Hardness and elastic modulus for the substrate steel employed were found to 

be 7.05 ± .74 GPa and 216 ± 13 GPa, respectively, at the sub-micrometric length scale. 

Hardness values are higher than those expected for TRIP steels as reported by Roa et 

al.,
38

 whereas elastic modulus values are in satisfactory agreement with those 

determined by other authors in steels.
40,41

 

A clear influence of the substrate for displacement into surface of around 80 and 50 

nm for the hardness and elastic modulus, respectively, was found. Furthermore, the 

hardness and the elastic modulus data present a relatively large scatter due to the 

heterogeneity of the membrane in terms of local variations and porosity. Three different 

regions can be clearly observed in Figure 4a: (1) for indents shallower than 30 nm the 

values are strongly affected by length scale or indentation size effect; (2) penetration 

depth ranged between 30 to 80 nm, the hardness remains stable and equals to 0.18 ± 

0.08 GPa, which may be related with the coating hardness; and (3) for penetration 

depths higher than 80 nm, the plastic field slightly interacts with the metallic substrate 

and starts to increase.  

As it is shown in Figure 4b, the elastic modulus for the 5-pPLA/PEDOT membrane 

linearly increases for penetration depths higher than 15 nm due to the elastic field 

directly interacts with the employed substrate. Within this context, an appropriate model 

was required in order to deconvolute the substrate effect and be able to determine the 

elastic modulus for the membrane alone. The Bec et al.
42

 equation was employed to 

determine the intrinsic elastic modulus for the membrane: 

1

𝐸𝑒𝑓𝑓
=

2 · 𝑎

1 +
2 · 𝑡
𝜋 · 𝑎

· (
𝑡

𝜋 · 𝑎2 · 𝐸𝑚
+

1

2 · 𝑎 · 𝐸𝑠
) 
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where Eeff is the effective elastic modulus determined through the equation proposed by 

Oliver and Pharr,
38

 the subindex m and s refer to membrane and substrate, respectively, 

a is the contact radius, and t is the coating thickness. As a result, the membrane elastic 

modulus was calculated to be 3.4 GPa. This value is about 30 % lower than those 

presented in the plateau labelled as * in Figure 4b, sustaining then the strong interaction 

of the elastic field with the substrate.   

Figure 5a displays the cyclic voltammograms recorded in 0.1 M LiClO4 aqueous 

solution for 5-pPLA/PEDOT films supported onto steel as they grow layer-by-layer. As 

it can be seen, the electroactivity, which is estimated from the cathodic and anodic areas 

of the voltammograms, is significantly higher for PEDOT layers than for pPLA layers. 

Obviously, this difference is more pronounced when the 1
st
 pPLA and the 2

nd
 PEDOT 

layers are compared. Besides, the 3
rd

 pPLA layer exhibits a high electroactivity in 

comparison with the 1
st
 one since the nanoperforations of the former allow the mobility 

of dopant ions from the 2
nd

 PEDOT layer. In addition, the electroactivity is higher for 

the 4
th

 PEDOT layer than for the 2
nd

 one due to nanoperforations in the 3
rd

 pPLA layer.  

Figure 5b displays the cyclic voltammogram recorded for a free-standing 5-

pPLA/PEDOT film in 0.1 M LiClO4 aqueous solution. The electroactivity is smaller for 

the free-standing film than for the one supported onto steel. This expected result has 

been attributed to the difficulties associated with the immobilization of the free-standing 

membrane onto the electrode, making very difficult the contact between them to be 

complete once the sacrificial layer has been removed. In spite of this limitation, the 

electrochemical activity of free-standing 5-pPLA/PEDOT is noticeably high, especially 

when compared with that of a supported pPLA film (Figure 5b). This electroactivity remains 

practically unaltered after 25 consecutive oxidation-reduction cycles (i.e. reduction of 

only 4.8%), as is evidenced by the similarity between the two voltammograms (Figure 
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5b). These results have been attributed to the conducting channels created by PEDOT 

layers, which can be appreciated in pPLA outer layer (Figures 3b). Although the 

electroactivity of free-standing 5-pPLA/PEDOT films remains practically intact and the 

mechanical integrity is apparently preserved after 25 consecutive redox cycles, 

morphological inspection reveals significant changes in the nanoperforations of the 

external pPLA layer (Figure 5c). The spherical shape of the nanoperforations is 

preserved while their average diameter (237±77 nm) increases more than twice with 

respect to that of as prepared membranes (10934 nm). This has been attributed to 

electro-chemo-mechanical effects underwent by the internal PEDOT layers when they 

are submitted to oxidation and reduction processes. PEDOT layers swells during 

oxidation by the entrance of hydrated perchlorate anions and shrink during reduction by 

the expulsion of the same hydrated counter-anions. The continued swelling-shrinking 

processes experienced by PEDOT layers during the potential scan affect the structure of 

the flexible upper pPLA layer, increasing the area of pores. 

In order to ascertain if the studied free-standing films retain the structure when they 

are submitted to prolonged electrochemical stress, 1500 galvanostatic charge-discharge 

(GCD) cycles were run at a current density of 1.05 mA/g in the two-electrode 

configuration. The cell voltage varied approximately from –0.25 to 0.65 V through each 

cycle, which corresponds to charge-discharge time of 7.7 seconds. Figure 5d shows the 

first GDC curves, which apparently present a pseudo-triangular shape with a voltage 

drop (Vdrop) of 0.25 V at the beginning of the discharging step, which is due to internal 

resistance of the electrode. Detailed inspection of the second GCD cycle in Figure 5e 

allows appreciating the deviation from the ideal triangle with a voltage drop at a time 

close 5 s. However, such shape clearly corresponds to that expected for a real 

electrochemically active conducting polymer, as it is PEDOT.
43,44 

After 1500 GCD 
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cycles both the value of Vdrop and the shape of the curve remained practically unaltered 

(Figure 5e), evidencing the lifetime stability 5-pPLA/PEDOT.  

As observed above for cyclic voltammetry, consecutive charge-discharge cycles 

induce structural changes in PEDOT electrodes, which evolve from a compact 

morphology to a more porous one and vice-versa. This affects the shape and size of the 

nanoperforations of the external pPLA layer, which become less rounded and much 

bigger after 1500 GCD cycles (Figure 5f). More specifically, the average diameter 

increases to 491±215 nm, which represents an increment of around four times with 

respect to those of as prepared films, and become very heterogeneous, as is proved by 

the large standard deviation. In spite of this, it is worth noting that the mechanical 

integrity of the PEDOT layer was apparently maintained in all cases, since no fracture 

or crack was detected in the surface of the film. Note also that the remarkable influence 

of the charge (swelling) and discharge (shrinkage) processes experienced by the 

PEDOT layers on the structure of the external PLA layer is fully consistent with an 

actuation mechanism.  

Once the mechanical and electrochemical properties of free-standing 5-

pPLA/PEDOT membranes were proved, the electro-chemo-mechanical response was 

analyzed by applying square potential waves from ±0.6 to ±4.0 V during a period of 

time t (Figure S1), where t= 2, 4, 8 or 10 s. The positive voltage was held half of the 

time to oxidize the PEDOT layers (swelling), whereas the negative voltage was kept the 

same time to reduce them (shrinking). Although reversible bending displacements were 

successfully obtained for swelling-shrinking times examined, results discussed in this 

work have been focused on assays conducted using 10 s (i.e. 5 s for oxidation and 5s for 

reduction), since their monitoring was easier.  
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Figure 6a displays the experimental set up used to follow the movements of the free-

standing 5-pPLA/PEDOT films. It is worth noting that the structural asymmetries 

caused by the templating effect exerted by PEDOT on pPLA layers, which essentially 

affect the roughness of the layer (i.e. 61, 9014 and 1039 nm for the 1
st
, 3

rd
 and 5

th
 

pPLA layer, respectively) and the size of the nanoperforations (i.e. 4914, 7627 and 

10340 nm), facilitate the observed bending movements. The separate quantification of 

the angular displacement and the length variation, which are typically observed in self-

standing and supported (i.e. thick bilayers) CP-containing actuators, respectively, is 

hindered by the co-existence of both kind of movements in 5-pPLA/PEDOT actuators. 

In addition, 5-pPLA/PEDOT films fold over themselves due to their sub-micrometric 

thickness and flexibility. In order to overcome these limitations, the global movement 

was quantified by photographing the film and comparing the variation in the film 

surface area (A) from the recorded images.  

Figure 6b displays the variation of A with the potential. As it was expected, A 

grows with the potential, increasing from 3.8%0.9% for 0.6 V to 28.0%4.2% for 

4.0 V. The significant change described by the film is shown in Figure 6c, which 

present photographs on its voltammetric response to the studied potentials. The angle 

() associated to bending movement at the different potentials is included in Figure 

6c, while a short video showing the bending movement achieved using a voltage of 2 

V is provided in the ESI. The mechanical response of the 5-layered film upon 

consecutive swelling-shrinking processes was evaluated by applying consecutive square 

potential waves (up to 500) at the above mentioned potentials. Cyclability results, which 

are displayed in Figure 6d, indicate that the free-standing films remained intact when 

the square wave was 0.6, 1.0 and 2.0 V. In contrast, films failed after 22016 and 
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8012 cycles when the potential was 3.0 and 4.0 V, respectively. Accordingly, next 

assays were conducted using a voltage ±2 V. 

In order to evaluate the actuation force of the 5-pPLA/PEDOT film, the mass of the 

outer PLA layer was increased during the preparation process. More specifically, the 

spin-coating rate was decreased from 1200 rpm to 900, 600, 300 or 100 rpm. This 

represented an increment in the total mass of the films (m) comprised between 

21%±8% (900 rpm) and 328%±35% (100 rpm) with respect to the film with the outer 

PLA layer prepared at 1200 rpm. Figure 6e, which represents the variation of A 

against m when square voltage waves of ±2.0 V were applied for 10 s, shows that A 

decreases with increasing m. However, such reduction is not pronounced when m < 

120% and the bending movement is still appreciable when m is as high as 328%±35%. 

Overall, these results indicate that the 5-pPLA/PEDOT actuator is able to push a huge 

amount of mass (a video is provided in the ESI for the film with m= 135%). 

In summary, CPs, especially PPy, have largely been studied as adequate materials for 

constructing actuators due to their property of oxidize and reduce in a reversible way. 

Such electrochemical reactions typically result into large angular displacements (up to 

300º) when the actuator involves bilayer structures consisting of a thick tape or a plastic 

film with a thick CP layer on the right or the left side.
3,4,13

 Alternatively, approaches 

based on thick self-supported CP films forming interpenetrated polymer networks
17-19,45

 

have been used as macroscopic tools able to translate the electrochemical reactions into 

film length variations. In both approaches, CP films are required to be thick enough to 

reach the working conditions without breaking. In contrast, the strategy presented in this 

work avoids mechanical failure by intercalating CP layers of ultra-thin thickness (i.e. 

the charge consumed during the electropolymerization was adjusted to 270 mC only, 

whereas thick CP films forming interpenetrated networks consumed > 25 C during the 
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electropolymerization
17-19,45

) between robust and elastic pPLA nanofilms. Moreover, 

self-supported 5-pPLA/PEDOT films exhibit bending movement without the assistance 

of any tape or thick plastic film adhered to it.  

Although, direct comparison of angular displacement between thick bilayer 

structures and 5-pPLA/PEDOT membranes is precluded because of the thickness of the 

latter (i.e. ultra-thin 5-pPLA/PEDOT membranes tend to fold over themselves during 

the bending), the bending of this self-supported nanodevice instead of the classical 

length variations represents a significant improvement with respect to thick self-

supported films forming interpenetrated polymer networks. Moreover, this bending is 

preserved after a very large number of cycles. On the other hand, triple layer PPy 

artificial muscles have been found to trail weights of up 180% the mass of CP,
46,47

 while 

5-pPLA/PEDOT films still exhibit appreciable bending when the mass of PLA, which is 

the most abundant component in the film, increases up to 328%±35%.   

 

CONCLUSIONS 

A novel actuator based on free-standing 5-layered films of submicrometric thickness 

(0.7 m) has been fabricated. The preparation process involves three spin-coated 

pPLA layers, which bring mechanical strength and flexibility, separated by two 

anodically polymerized PEDOT layers that provide the electrochemically response. 

These films were subjected to square potential waves to induce volumetric expansion 

and contraction of the PEDOT layers, causing reversible bending movements. The 

excellent performance of the developed Faradaic motor has been proved by observing 

movement when the total mass of the film increased up to 328% while the mass of 

conducting polymer is maintained. The utilization of two well-known biocompatible 

polymers, PLA and PEDOT, as unique components of the artificial muscle opens new 
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possibilities in the biomedical field in which both are currently employed for a huge 

number of biomedical applications. 
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CAPTION TO FIGURES 

Figure 1. (a) Reaction induced swelling/shrinking of a CP film. (b) Structure of the 

free-standing 5-layered 5-pPLA/PEDOT film. 

Figure 2. Scheme illustrating the preparation of 5-pPLA/PEDOT free-standing 

membranes. 

Figure 3. (a) Digital camera images displaying a scratched 5-pPLA/PEDOT 

membrane with an area of 32 cm
2
 supported onto the steel substrate and three free 

standing 5-pPLA/PEDOT films (20.5 cm
2
) floating in water. (b) Representative SEM 

micrograph of the surface of a supported 5-pPLA/PEDOT membrane. (c) SEM 

micrograph showing the transversal view of the self-standing membrane and 

representative EDX analyses of external PLA layer (blue circle) and the internal 

PEDOT-containing regions (red square). 

Figure 4. Mechanical properties for both, a 5-pPLA/PEDOT membrane supported 

onto a steel substrate and the used steel, as a function of the displacement into surface: 

(a) hardness and (b) elastic modulus. 

Figure 5. (a) Cyclic voltammograms recorded for a 5-pPLA/PEDOT film supported 

onto a steel substrate as it grows layer-by-layer. Scan rate: 100 mV/s. (b) First control 

voltammogram (black line) and voltammogram after 25 consecutive oxidation–

reduction cycles (blue line) for a free-standing 5-pPLA/PEDOT film. The first control 

voltammogram recorded for a supported pPLA film is included for comparison (red 

line). (c) SEM micrograph of a 5-pPLA/PEDOT film after 25 consecutive oxidation–

reduction cycles. (d) Curves for the first GCD cycles recorded at 0.75 mA for a free-

standing 5-pPLA/PEDOT film. (e) Comparison of the 2
nd

 and 1500
th

 GCD cycles. (f) 

SEM micrograph of a free-standing 5-pPLA/PDOT film after 1500 consecutive GCD 

cycles. 
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Figure 6. (a) Experimental set up used to follow the movements of the free-standing 

5-pPLA/PEDOT films. (b) Variation of the surface area (A) against the voltage used 

for square potential waves. (c) Photographs displaying the response of free-standing 5-

pPLA/PEDOT films against different voltages. The bending angle () at different 

potentials, which was measured from to the initial position at 0 V (white line) the 

position reached by the film at the desired potential (blue line), is also displayed. (d) 

Number of cycles that retain the mechanical integrity of the 5-pPLA/PEDOT film after 

apply up to 500 consecutive square potential waves using different voltages. (e) 

Variation of the surface area (A) against the increment of mass for the outer pPLA 

layer (m) when square voltage waves of ±2.0 V were applied for 10 s. 
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