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A B S T R A C T   

Ionic liquid (IL) plasticized potato starch and pure amylose films are used as Ionically Conductive Polymers (ICP) 
for manufacturing electroactive polymer trilayer films able to change of shape upon electrical stimulus, and to 
work as motion sensors. This promising alternative to fossil fuel based ICPs takes advantage of the water solu
bility of the starch/IL mixture and its stickiness after casting as films, allowing the design of a solvent free, 
origami inspired process for its assembly with PEDOT:PSS electrodes. 

Electroactive free bending motions with an amplitude of deformation Δε of 0.45% are observed upon ± 2 V 
electrical stimulus for all EAPs, with a 7-fold higher blocking force for the pure amylose based system making it 
able to lift more than 180 times its weight. 

Conversely, when tested as sensors, a 4-fold higher sensitivity is observed for the potato starch based EAP, 
which was comparable to that of fossil-fuel based polymers systems.   

1. Introduction 

Electroactive polymers (EAP) are materials able to change of shape 
and size upon electrical stimulus, considered as precursors of artificial 
muscles (Bar-Cohen, 2002; Bar-Cohen & Zhang, 2008; Bar-Cohen & 
Anderson, 2019; Mirfakhrai et al., 2007). Among them, ionic EAPs based 
on electronically conducting polymers (ECP) present the advantages of 
being biocompatible and activated under low voltage (< 2 V) (Melling 
et al., 2019): ECPs can change their volume under electrochemical 
stimulation thanks to the insertion/expulsion of ions during a change of 
oxidation level (Fig. 1a). Typically, the positive charges created along 
the ECP backbone during oxidation will promote ion motion in order to 
preserve electroneutrality of the system, resulting in a volume expansion 
or contraction, reversible upon reduction of the ECP toward its neutral 
state. The development of actuators operating in open-air usually in
volves a trilayer configuration. In this case, two ECP layers, acting 
respectively and alternately as anode and cathode, are sandwiching an 
Ionically Conductive Polymer (ICP) layer, acting as the source of ions. 
During electrochemical stimulation, each ECP electrode of this structure 
is undergoing opposite volume variation and a bending deformation is 

obtained. Such electrochemomechanical devices can also work as soft 
mechanical sensors converting a mechanical stimulation into an electric 
signal, and have been extensively studied for applications in soft ro
botics, biomedical devices and more recently wearables (Melling et al., 
2019; Maziz et al., 2017). 

Thermoplastic starch (TPS) based ICPs were first obtained by ther
moplasticization with glycerol doped with metal salts inducing ionic 
conductivity (V. L. Finkenstadt & Willett, 2004; Ma et al., 2006). More 
recently, ionic liquid (IL) plasticized TPS was produced by casting from 
aqueous solutions (Wang et al., 2009), by extrusion (Sankri et al., 2010), 
or hot-pressing (Zhang et al., 2017). In presence of water, maximum 
ionic conductivities values up to a few hundredths of S.cm− 1 have been 
reported for both systems (Ma et al., 2006; Wang et al., 2009; Zhang 
et al., 2017). However much higher water and ion contents were 
required for glycerol/metal salt (≈ 10− 2 S cm− 1 at 40-50 wt.% water for 
0.22 mol of glycerol, and 0.6 mol of salt per 100 g of starch (Ma et al., 
2006)) than for ILs (2.5 × 10− 2 S cm− 1 at 14.5 wt. % water for 0.19 mol 
of 1-Allyl-3-methylimidazolium chloride ([Amim][Cl]) per 100 g of 
starch (Wang et al., 2009); and 1,2 × 10–2 S cm− 1 at 26 wt.% water for 
0.41 mol of 1-Ethyl-3-methylimidazolium acetate ([Emim][Ace]) per 
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100g of starch (Zhang et al., 2017).) Moreover, in the case of [Amim] 
[Cl] it was reported that it prevents starch retrogradation (Zhao et al., 
2015), which should be an advantage for the stability of the ICP. 

Though the idea that these developments would lead to starch based 
EAPs was proposed two decades ago (V. L. Finkenstadt, 2005; V. Fin
kenstadt & Willett, 2005; V. L. Finkenstadt & Willett, 2004), this became 
a reality only recently (Núñez D et al., 2016): The internal ICP layer was 
a water cast film composed of cassava starch (27 wt.%) crosslinked with 
glutaraldehyde (18 wt.%), plasticized with glycerol (27 wt.%) and 
doped with a lithium salt (LiClO4, 27 wt.%). It was combined with 
polypyrrole films as external ECP layers. The resulting EAP can actuate 
to positive and negative deformations in air upon one electrical stimulus 
cycle (+2 V during 20 s / -2 V during 40 s). 

Among other ECPs that may be combined with starch based ICPs, the 
blend of poly(3,4-ethylenedioxythiophene) with poly(styrene sulfonate) 
(PEDOT:PSS, Fig. 2) is probably more versatile. It is actually among the 
most studied ECPs nowadays due to its stability in air and its availability 
in a commercial aqueous suspension, allowing to easily produce thin 

films by casting (Groenendaal et al., 2000). While the pristine electronic 
conductivity of PEDOT:PSS is approximately 1 S cm− 1, it can be 
increased by selective dissolution of the insulating PSS chains, thus 
increasing the conducting PEDOT content, with reported conductivity 
increase up to 1000 S cm− 1 (Alemu et al., 2012). Last but not least, it was 
reported that when mixing PEDOT with starch, interactions between the 
two polymer take place (Arrieta et al., 2018), suggesting a compatibility 
that may favor cohesion between a starch based ICP and PEDOT:PSS. 

In the present work, our hypothesis statement is that [Amim] 
[Cl] IL plasticized thermoplastic starch (IL-TPS) can be used as an 
ICP in trilayer air working ionic EAPs, in combination with ECP 
layers are based on PEDOT:PSS. We will describe the 
manufacturing process of such assemblies, and the assessment of 
their electroactive properties for potential applications as actua
tors and as sensors. 

Fig. 1. Electroactive polymer trilayer actuators: a) General deformation mechanism under electric stimulus; b) Origami manufacturing process for (PEDOT:PSS) / 
(Starch:IL) /(PEDOT:PSS) systems. 
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2. Materials and methods 

It is known that the mechanical properties of starch films highly 
depend on the amylose content (Lourdin et al., 1995). For this reason, 
we choose to manufacture EAPs based on pure amylose starch and on 
potato starch with an amylose/amylopectin ratio of approximately 1/3. 

2.1. Manufacturing of trilayer EAP from raw materials 

Potato starch was purchased from Roquette (Lestrem, France), pure 
amylose from Avebe (Veendam, Holland), and 1-Allyl-3-methylimidazo
lium chloride (98%) from Solvionic (France). PEDOT:PSS 1% aqueous 
solution (Clevios PH1000) was purchased from Heraeus (Germany) and 

ethanol (purity 98%) from Sigma Aldrich. All were used as-received 
without further purification. 

The trilayer EAPs are obtained by an origami inspired processes 
schematized on Fig. 1b. The elaboration of electrodes (step 1 in Fig. 1b) 
consisted in spreading the PEDOT:PSS suspension on Teflon templates 
(1 × 10 cm2) and drying at 40 ◦C during 24 h. A volume of solution 80 μl 
per cm2 allowed obtaining PEDOT:PSS electrodes with a thickness a ≈
10 μm after drying. In order to increase the electronic conductivity, 
these electrodes were washed with ethanol by immersion during 10 
minutes and dried at 40 ◦C. As illustrated in Fig. 1b, step 2 consisted in 
casting a starch:[Amim][Cl] film onto the dry electrode film. An 
aqueous solution of potato starch or pure amylose starch was first pre
pared by dispersing 5 wt.% of polysaccharide in water, and heating at 

Fig. 2. Oxydation and reduction reactions and associated volume variation of PEDOT:PSS electrodes in the presence of [Amim][Cl] ionic liquid.  

Fig. 3. Experimental setup for testing the EAP trilayer films’ electroactive behavior: free bending motion under electric stimulus (a), blocking force mode (b), and 
sensor mode under mechanical stimulus (c). 
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95 ◦C under stirring for 5 min. The ionic liquid was added in the solution 
in order to have a 50:50 starch:[Amim][Cl] w./w. ratio. The solution 
was spread over the PEDOT:PSS film and dried at 40 ◦C during 24 h. 
Adjusting the volume of solution allowed controlling the thickness of 
this ionic conductive layer (for example, spreading a volume of 50 μl per 
cm2 allowed obtaining a Starch:IL layer of approximately b ≈ 50 µm). 
The last step (step 3 on Fig. 1b) takes advantage of the stickiness of the IL 
rich TPS layer in order to lead to the trilayer structure: It consists in 
simply folding in half the bilayer film, which sticks on itself, resulting in 
sheets of total thickness h ≈ 2 (a + b). After a healing time of 24 h, thin 
parallelepipedic EAP samples of dimensions approximately 20 × 3 mm2 

were cut from the trilayer sheets and stored in sealed plastic bags in 
order to prevent water uptake before characterizations. 

The ionic conductivity of the ICP layer at room temperature (25 ±
1 ◦C) was evaluated by Electrochemical impedance spectroscopy on 

potato starch:IL and amylose:IL films. The same casting method as for 
step 2 was used, except that the substrates were gold electrode in the 
measurement cell of a VSP potentiostat (Biologic SA). Experiments were 
carried out in the frequency range from 1 MHz to 1 Hz with an oscil
lation potential of 10 mV. The ionic conductivity (S/cm) is calculated 
from the bulk resistance (R) determined as real part of the complex 
impedance (ohms): 

σ =
d

R × A
(1)  

Where: d the thickness of the sample (cm), and A is the electrode area 
(cm2). 

Fig. 4. SEM observation of the EAP films’ cross-section (fracture surface of a sample based on potato starch (a) and amylose (b)).  
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2.2. Morphology, water content and dynamic mechanical properties 

Scanning Electron Microscopy was used to observe the surface and 
cross-sectional mor-phology of the EAP using a JEOL 7000F FE-SEM 
(JEOL, Peabody,USA) at an accelerating voltage of 10 kV. Fracture 
surfaces were obtained by immersing the trilayer films in liquid 
nitrogen. 

The water content was evaluated by thermogravimetric measure
ments: samples were heated from 25 ◦C to 130 ◦C at 8 ◦C min− 1 and 
maintained at 130 ◦C during 90 min, reaching a stable mass. The total 
mass loss was ascribed to water evaporation. 

A DMTA apparatus (MKIV, Rheometrics Scientific, USA) was used in 
the tensile mode with a frequency of 1 Hz and a deformation amplitude 
of 0.1%. This value is in the range of linear viscoelasticity, and any 
deviation from this domain during heating was discarded and assumed 
to be the same for all samples tested. The heating rate was set at 3 ◦C 
min− 1. The experiments were conducted on the trilayer samples and on 
single PEDOT:PSS electrodes. No measurements were possible on single 
starch:LI films which were too sticky. 

2.3. Electroactive properties 

The experimental setup used for characterizing the electroactive 
properties of the starch based EAPs schematized on Fig. 3. Samples are 
mounted side-ways (2 mm clamped, free length 18 mm) between flat 
gold contacts. Three series of experiments were performed using a VMP 
potentiostat (Biologic SA) in order to monitor voltage and current:  

• A first series of measurements consisted in measuring the free 
displacement in actuator mode by applying a square wave voltage 
stimulus (±2 V with steps of 20 seconds) and simultaneously moni
toring the current density and the bending motion by a laser 
displacement sensor (ILD 1401-5, Micro-Epsilon). In order to quan
tify the electroactive deformation performances, regardless of the 
dimensions of the sample, it is necessary to calculate the maximal 
differential strain Δεmax (%) (Sugino et al., 2009): 

Δε(%) =
2D x h

L2 + D2 x100 (2)   

Where: D is half of the peak to peak displacement, h is the thickness of 
the sample (measured with a micrometer), and L = 3 mm is the distance 
from the fixed end of the actuator to the projection of the laser beam. 

The electroactive response rate ε̇ (% × s− 1) characterizing the 
bending motion kinetics, is obtained by dividing Δεmax by the average 
time Δtmax necessary to switch from one maximum displacement to the 
next one.  

• A second series of experiments consisted in measuring the blocking 
force mode (Fig. 3b) by applying the same square wave voltage 
stimulus (± 2 V with steps of 20 seconds), while measuring the 
actuating force with a mechanical arm (Muscle Lever Arm 300C from 
Aurora Scientific). The maximum blocking force Fmax (mN) can thus 
be measured.  

• Finally, a third series of measurements consisted in measuring the 
mechanical sensing properties in sensor mode (Fig. 3c) by applying a 
sinusoidal displacement of 0.5 mm with a period of 10 seconds with 
the mechanical arm (Muscle Lever Arm 300C from Aurora Scienti
fic), while recording both the open-circuit voltage between the 
electrodes and the necessary mechanical force. The average peak to 
peak voltage difference ΔV was measured in order to calculate the 
motion sensor sensitivity ΔV (V/%) and the stiffness k (mN/m) of the 
EAP, which is related to its apparent bending modulus Eapp (MPa): 

Eapp =
4kL3
wh3

(3)   

Where: h is the thickness of the film. 
All the above experiments were at least duplicated for each EAP film. 

Average values and standard deviations were calculated for all the 
electroactive properties measured. 

3. Results and discussion 

In the following, we will refer to potato starch and pure amylose as 
starch and amylose, respectively. 

3.1. Structure and thermomechanical properties of trilayer films 

During the manufacturing process of EAPs (Fig. 1b), the poly
saccharide:IL layer casted from aqueous solution (step 2) had a very 
tacky surface due to the high IL content, so that it efficiently stuck on 
itself during the origami folding (step 3). Indeed no trace of any folding 
joint is visible on SEM transverse fracture surfaces (Fig. 4): Only the 
central starch:IL or amylose:IL (darker grey) and the two external 
PEDOT:PSS (whiter) can be visually distinguished. Measurements on the 
SEM images allowed an estimation of the total thickness of the samples: 
62 ± 10 μm for the amylose based trilayer films and 87 ± 20 μm for the 
starch based one. Concurrently, the thicknesses measured directly on the 
films with a micrometer were typically 100 ± 20 μm. The observation of 
thicknesses below this range in the SEM may be due to a drying of the 
films inside the low-pressure microscope cavity. 

Additional measurements on the SEM images show that the thick
nesses of the upper and lower PEDOT:PSS layers are all equal to 
approximately 10 μm, while the internal polysaccharide:IL layer thick
ness is sensibly higher for starch (≈ 54 μm) than for amylose (≈ 44 μm). 
The water content of the trilayer films measured in TGA was approxi
mately 14% for those based on potato starch and 8% for those based on 
amylose. Such a difference is consistent with the fact that amylopectin, 
the major constituent of potato starch, is more hygroscopic than 
amylose. Moreover, the highly hygroscopic polysaccharide:IL layer is 
thicker for starch. 

The DMTA characterizations show a strong temperature dependence 
of the EAPs’ stiffness (Fig. 5). At -70 ◦C, both the trilayer films and the 
single PEDOT:PSS electrode have a glassy behavior with a storage 
modulus in the GPa range. However, while the mechanical properties of 
the PEDOT:PSS electrodes remain relatively constant up to +70 ◦C, a 

Fig. 5. Dynamic mechanical behavior of the EAP trilayer films based on potato 
starch or pure amylose, and of a single PEDOT:PSS electrode: Storage modulus 
(thick lines) and loss angle tangent (dotted lines). 
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progressive decrease of the trilayer EAPs’ storage modulus is observed 
between -70 ◦C and +30 ◦C, reaching a minimum slightly higher for the 
amylose based EAP (E’30◦C = 53 MPa), than for the potato starch based 
EAP (E’30◦C = 40 MPa). This stiffness decrease can thus be ascribed to 
the mechanical α relaxation associated to the glass transition of the 
starch:IL layer. As previously reported for IL plasticized starch, this 
transition is very broad (Leroy et al., 2012)). The peak of tan δ is situated 
at around Tα = -15 ◦C and (Tα = -10 ◦C) for the plasticized potato starch 
layer and the plasticized amylose layer, respectively. Alpha relaxation is 
very sensitive to water content. Given the very small thickness of the 
films, it is possible that drying takes place during the DMTA experiment, 

leading to small water content difference between the samples. 
No “rubbery” plateau is observed after the α relaxation, but a stiff

ening of the EAP films takes place above 30 ◦C. This storage modulus 
increase of the trilayer structure may be ascribed to that of the PEDOT: 
PSS electrode layer. Indeed, the storage modulus of a single electrode 
increases above 30 ◦C from 1 GPa to 1.6 GPa. Such a behavior has been 
previously reported and ascribed to water evaporation, PEDOT:PSS 
films being highly hygroscopic due to the hydrogen bonding between 
PSS and water molecules (Zhou et al., 2014). These results indicate that 
the dynamic tensile mechanical behavior of the EAP trilayer systems at 
room temperature is mainly dependent on the mechanical properties of 

Fig. 6. Typical time dependence of the current (a), the differential strain (b), and the blocking force (c) for an applied step voltage stimulus (dotted lines on a): 
Curves obtained for potato starch based EAP (black thick lines) and amylose based EAPs (red lines) from free bending motion tests (a,b) and blocking force tests (c). 
Photographs of maximum free bending motions are shown on (a). 
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the thinner but stiffer PEDOT:PSS external layers. The IL plasticized 
starch or amylose plays a minor role due to its rubbery modulus. 
Nevertheless, its lower thickness in the amylose based EAP, may explain 
the higher storage modulus at temperatures above the α relaxation, 
compared to the starch based EAP. Unfortunately, it was not possible to 
quantify this modulus, starch:LI films being too sticky and fragile for 
being manipulated. 

3.2. Electroactive properties of the trilayer ionic EAPs 

First free motion and blocking force modes were investigated during 
+2 V/-2 V step voltage of 20 s each, applied between the two PEDOT: 
PSS electrodes. The current profiles (Fig. 6a) show the typical charge 
and discharge response corresponding to the oxidation/reduction pro
cess of PEDOT. After each potential step the current value reaches a peak 
and then tends to 0 mA when to redox process is reaching completion. It 
indicates that there is no short-circuit or leakage current between the 
two electrodes and confirms the success of the origami manufacturing 
process to prepare trilayer devices. While the peak-to-peak charge 
consumed for each system (obtained from the integration of current 
versus time) is similar, ca. 55 mC, the current peak is lower and the 
current decay is slower in the case of the amylose based EAP. This 
suggest that similar electroactivity is achieved for the PEDOT:PSS 
electrodes of both systems but also that actuator based on amylose 
presents a slower electromechanical behavior. 

The ionic conductivity measured on individual ICP layers (casted 
from solution on gold electrodes and dried at 40 ◦C during 24 h, as in 
step 2 of EAP manufacturing process) was similar, slightly higher for the 
starch based ICP (2.5 10− 5 S cm− 1) than for the amylose based one (2.2 
10− 5 S cm− 1). These values are significantly lower than those reported in 
literature for hydrated films (Wang et al., 2009; Zhang et al., 2017). 
Therefore, one can expect that in the EAP films, which according to TGA 
results contain 14% and 8% water, respectively, the ionic conductivity 
will be significantly higher for the potato starch based system that for 
the amylose based one, which is consistent with its higher response 
speed. 

The resulting bending deformation of the actuators is simultaneously 
recorded and the strain difference Δε is plotted versus time in Fig. 6b. 
First both actuators are presenting a bending deformation confirming 
the success of the approach. Moreover, they both present similar 
maximum amplitude of deformation with Δε values of 0.4% and 0.5%, 
which is consistent with the similar electrical charge consumed for each 
system. The actuator made with amylose-based ICP appears however 
slower with a 6-fold lower response speed ε̇ (Table 1) as expected from 
the lower ionic conductivity and longer charging time of this system. 

The direction of the bending movement indicates that the mecha
nism is mainly governed by cation movements. Indeed, the actuator 
bends systematically toward the anode, i.e. the location of the oxidation. 
It indicates a contraction of the PEDOT:PSS due to the expulsion of 
Amim+ cations from the electroactive layer during its oxidation and the 
associated generation of positive charges along the PEDOT backbone. 
The opposite phenomenon occurs at the cathode with a volume expan
sion due to the insertion Amim+ cations. This ionic mechanism has been 

reported elsewhere with PEDOT:PSS-based actuators (Rohtlaid et al., 
2019) and can be explained by the large presence of the negative 
polyelectrolyte PSS− in the electrodes, preventing the insertion of anions 
and favoring cation exchanges. When measuring the maximum blocking 
force values Fmax, it appears that Fmax is 7 times higher with amylose 
(Table 1, Fig. 6c). This result is consistent with the higher stiffness of the 
amylose-based EAP compared to the potato starch EAP, as observed in 
Fig. 5. Taking into account the weight W (mN) of the samples, one can 
calculate the ratio F/W: The values reported in Table 1 indicate that the 
stiffer amylose based EAP is able to lift 182 times its weight, while the 
softer potato starch based EAP lifts only 18 times its weight, which is still 
remarkable. 

The ability of the EAPs to act as sensors was evidenced by submitting 
the trilayer films to a sinusoidal bending deformation: The generation of 
a sinusoidal variation of the open-circuit voltage between the clamping 
gold contacts was observed as a response (Fig. 7). Interestingly, the 
sensitivity of the sensors are 0.72 and 0.18 mV/% for the potato starch 
and amylose based EAPs, respectively (Table 1), which is in the same 
order of magnitude than the 0.7 mV/% of PEDOT:PSS microactuators 
obtained from fossil-fuel based polymers (Rohtlaid et al., 2019). The 
higher voltage amplitude for the potato starch based EAP can be 
ascribed to its higher ionic conductivity and to its lower stiffness: 
Indeed, the apparent bending modulus Eapp calculated for the potato 
starch based EAP (Table 1) is almost equal to the tensile storage modulus 
measured in DMTA (E’30◦C = 40 MPa). This is not the case for the 
amylose based EAP, for which Eapp ≈ 15 × E’30◦C. It results in a ten-fold 
higher bending stiffness for amylose based EAPs. 

This would suggest a strong mechanical anisotropy for amylose 
based EAPs. However, one should remind that DMTA experiments may 
involve drying, resulting in a small water content difference between the 
samples. This is not the case for the room temperature sensor mode 
measurements, during which the water content in the starch based EAPs 
is significantly higher than that of the amylose based ones, according to 
TGA measurements. Therefore, the softening of the PEDOT:PSS elec
trodes due to water uptake should be higher in the former, resulting in 
lower values of Eapp. 

Anyhow, it points out the fact that electroactive properties of IL 
plasticized starch based EAPs are sensitive to water content. This 
sensitivity should be the subject of future works. 

The above results suggest that IL plasticized starch ICPs may play an 
important role in the development of sustainable biobased smart poly
meric devices, able to compete with petroleum based systems in the 21st 

century, and bringing new possibilities in terms of manufacturing pro
cesses. However, this will also require: i) the development of biobased 
and/or biodegradable ILs and ECPs; and ii) further studying the impact 

Table 1 
Average electroactive performances for 3 samples of each EAP observed in free 
bending motion, blocking force and sensor modes.  

Starch Free bending 
motion 

Actuator mode Sensor mode 

Δε 
(%) 

ε̇ (% ×
s− 1) 

Fmax 

(mN) 
F/W ΔV 

(10− 4 

V/%) 

k 
(mN/ 
m) 

Eapp 

(MPa) 

Potato 0.5 
± 0.1 

0.29 
± 0.18 

0.19 
± 0.01 

18 ±
2 

7.2 ±
0.6 

3,6 ±
0,7 

39 ± 8 

Amylose 0.4 
± 0.1 

0.05 
± 0.04 

1.29 
± 0.23 

182 
± 32 

1.8 ±
0.4 

34.9 
±2,2 

793 ±
51  

Fig. 7. Response of the EAPs used as sensors, when submitted to a sinusoidal 
bending deformation (ε= 0.54%, cycle period 10s): potato starch based EAP 
(black thick lines) and amylose based EAPs (red lines). 
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of this replacement of petroleum-based materials on the stability (in 
presence of moisture in particular) and durability (in case of eventual 
starch retrogradation for example) of the performances of the actuators 
and/or sensors. 

4. Conclusions 

The use of ionic liquid (IL) plasticized starch as an Ionically 
Conductive Polymer (ICP) was shown to be a promising alternative to 
fossil fuel based ICP for the manufacturing of air working (≈ 100 μm 
thick) symmetrical trilayer Electroactive Polymer (EAP) films able to 
work as bending actuators, or as sensors under applied bending defor
mation. The water solubility of the starch/IL mixture and its stickiness 
after casting as films allowed the design of a solvent free, origami 
inspired casting/folding process for its assembly with PEDOT:PSS elec
tron conducting polymer (ECP) films. 

The results obtained with potato starch and pure amylose starch 
show that the electroactive properties can be significantly modulated by 
the botanical origin and characteristics of starch, in order to reach 
performances comparable to fossil-fuel based polymers systems. 

Following this proof of concept, future works should focus on how 
electroactive properties are influenced by water uptake, and may evolve 
upon aging due to the possible retrogradation of starch over time. Last 
but not least, starch being biodegradable, evaluating the influence of its 
use on the end of life and environmental impact of the EAPs will be of 
primary interest. 
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