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ABSTRACT 

All Organic Polymers Based Morphing Skin with Controllable Surface Texture 

Natanael Otavio Favero Bolson 

Smart skins are integrating an increasing number of functionalities in order to 

improve the interactions between the equipped systems and their ambient environment. 

Here, we introduce a controllable texture as a new functionality, based on an innovative 

soft technology that uses polymers in order to leverage the strong electro-mechanical 

coupling of our proposed device. The device comprises a polymer-based heating element 

[doped PEDOT: PSS (poly-(3, 4 ethylenedioxythiophene): poly (styrene sulfonic acid))], 

a polymer-based soft actuator (Ecoflex 00-50/ethanol) and a polymer-based casing 

[PDMS (polydimethylsiloxane)]. We introduce a new smart pipe prototype module and 

use our controllable polymorph skin to tailor the interaction between the pipe and the 

fluid. This allows us to obtain a 50% reduction of the friction coefficient in turbulent 

regime between non-actuated and actuated configurations. This concept may find 

applications in engineering fields such as smart skin based touch control and controllable 

friction coefficients. 
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Chapter 1. Introduction 

Soft and flexible artificial skins play a major role as a functional interface 

between the equipped system and the environment. Most technological solutions are 

focusing sensing a variety of physical features such as pressure [1-4], temperature [5-7] 

and vibrations [8-10]. This is a growing field, and extensive research covering many 

aspects of multifunctional soft robotic skins is being been carried. Recent innovations 

have been recently reported in the literature [11-15]. Controlling the macroscopic texture 

of soft skins on demand has not been seriously studied as a real function.  

However, this functionality is very important in the system/environment 

interaction for several reasons. First example, texture primarily affects touch and contact 

behavior. Contact behavior is most often quantified through macroscopic properties such 

as the Coulomb friction coefficient [16, 17]. The slippage force between a robotic gripper 

and an object can be controlled either by changing the normal contact force or by 

controlling the friction coefficient, which largely depends on texture.  Increasing the 

normal contact force is not desirable for fragile objects. In such cases, controlling the 

texture of artificial skins may be a way to safely improve gripping efficiency. 

Texture is also an important factor in the interaction between fluid and the 

surface. The texture of boundary walls can primarily modifies the Drag coefficient [18-

21]. Modifying the texture in this instance is a way to control the interaction of the flow 

with the surrounding structure, and can create opportunities to design smart piping or 

hydro and aerodynamic smart structures.  
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To the best of our knowledge, adaptive skins with the texture that can change 

when subjected to an external electrical stimulus, have not been studied intensively. 

Some research studies have focused on the change in texture resulting from mechanical 

loading of heterogeneous materials [22]. Other studies have used a difference in pressure 

[21], origami-inspired structures[23] or laser ablation [24] to modify texture. 

We are proposing an original all polymer-based structure in which we take 

advantage of the strong electro/thermal/mechanical coupling of the constitutive behavior 

of the selected materials to create a responsive soft skin. To do so, we use a conductive 

polymer [PEDOT: PSS (poly-(3, 4 ethylenedioxythiophene): poly (styrene sulfonic 

acid))] is used to create a flexible heating network [25-27]. The generated heat induces 

the dilation of a material specifically designed to feature an exceptional coefficient of 

thermal expansion. We use an ethanol doped Ecoflex 00-50 (demonstrated by Miriyev 

[28]), that combines the stretchability of a silicone-based elastomer with the liquid-vapor 

phase transition of ethanol to reach a high volumetric expansion. This expanding material 

is then embedded in a much stiffer soft skin that restricts its in-plane expansion, resulting 

in the modification of the surface texture.  

We analyze the key parameters of a doped Ecoflex system in two steps. First, we 

analyze the volumetric expansion and examine how the texture gets modified, with 

varying time and temperature. We then use an X-ray Micro-Computed Tomography 

(XµCT) to verify the changes occurring in the internal structure before and under 

actuation. Finally, we demonstrate the real actuation applications to show the capabilities 

of the developed smart structured skin for friction applications in smart pipping 

technologies.  
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Chapter 2. Literature Review 

In the literature focusing on soft robotics and soft materials, we find significant 

advances and improvements over time. However, we experience significant challenges 

due to the intrinsic multidisciplinary nature of this field. Some approaches which address 

these challenges include investigating soft materials for conformal electronics [29]; and 

the fabrication, development, and research in organic electronics [30, 31]. 

2.1. Soft Robotics 

The traditional robotics field has two main classifications: hard and soft [12]. The 

most common and well-known are the hard robots, which have rigid structures. Due to 

this characteristic, they are limited in the functions that they can perform. Usually, hard 

robots work in an environment where they can perform a specified task with high 

precision and accuracy. Typically, this kind of robot has a design that includes many 

joints to guarantee the motion required. 

In contrast, soft robots work with limitless shape deformation [12]. Commonly, 

soft robots are made with very compliant materials that allow them to adjust and perform 

under the most diverse conditions and environments. They can interact with very fragile 

objects without any damage (i.e., can be used for medical applications without injury to 

the patient in a non-invasive approach).  A great advantage of soft actuators is that they 

can be actuated via the most diverse stimuli: electrical, thermal, chemical or photo-

based[32]. 

Soft robots have been developed to operate in the most diverse fields filling the 

gap created by the limitations of rigid robots. A primary source of inspiration to 
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overcome the challenges experienced by the developers of soft robots is nature [12, 32, 

33]. Understanding the hidden mechanisms in living organisms (i.e., plants and animals) 

could provide the solution to many challenges. However, while these mechanisms are 

well known, they are not necessarily easy to mimic. 

Table 1 summarizes the main differences in the capabilities of hard and soft 

robots. 

Table 1. Main differences in the capabilities of hard and soft robots. 

 

Capabilities 

Kind of Robot 

Hard Soft 

Accuracy High Low 

Dexterity Low High 

Load Capacity High Low 

Working Environment Structured Structured/Non-structured 

Adapted from: Trivedi et al. [12] 

From the Table 1, the kind of applications that are more suitable for each type of 

robot can be understood. While the accuracy and load capacity of hard/rigid robots is 

better than that of soft robots, here we emphasize the positive aspects of soft robots: 

dexterity and flexibility to operate in diverse environments. 

The development of actuators is strongly dependent on the progress of new and 

advanced materials or the optimization of those already developed.  Some challenges 

resulting from the current actuators involve repeatability, biocompatibility and strong 

actuation and critically depend on the kind of application.   
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2.2. Smart Skin 

The human skin is an organ that has numerous functions. It provides protection 

from external threats, such as infectious microorganisms, hazardous radiation, etc. It also 

regulates physiological responses and functions as an organ of sensation [34]. However, 

engineers and scientists are still searching for instruments to enhance the functionalities 

of the skin and mimic that functionalities for a variety of purposes. In this context, 

flexible and stretchable artificial skins are a new area of research.   

Some groups are working on an interesting concept called lab-on-skin, where a 

variety of sensors can be adhered to the skin to measure temperature, blood oxygenation, 

pressure, wound care, hydration, etc. [35].   

In addition to health care, a wide range of applications for artificial skins have 

been studied which  are more oriented to electronic skins as conformable solar cells and 

light emitting diodes [36]. Bio-inspired and nature-mimicking are guidelines for 

developing new functionalities [12, 33], such as camouflage, self-healing, self–cleaning, 

and adjustable colors [36]. 

Another important aspect of artificial skins is the texture of a skin or a surface; 

tribological studies have been widely developed from drag reduction [18], friction and 

tactile perception [37], superhydrophobicity, etc. [38].  Next, we will discuss an analysis 

of the different techniques which can modify surface texture. 

2.2.1. Morphology control  

Morphing surfaces is a widely studied topic in the literature and has been 

analyzed from various perspectives. Some studies involve a bilayer system composed of 
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substrate and film, pre-stretched substrates [39, 40], laser ablation to pattern the substrate 

[24] and insertion of a particle that mismatches the substrate stiffness [22].   

The applications for morphing surfaces extend from the nano to macro scale. For 

example, Zheng’s [23] work is origami-inspired, where mechanical buckling is employed 

to assemble different structures and demonstrate various 3D structures resulting from 

unidirectional and hierarchical folding.  

Guttag developed a controllable surface by inserting particles that mismatch the 

substrate stiffness and playing with different geometrical aspects and arrays of these 

particles[22]. This process allows the surface to have a tunable and reversible shape of 

the surface. The shape is defined as the material characteristics when we apply a load, 

which creates the designed shape, and which, when removed, allows the material to 

return to the original form. 

A different approach to the morphable surface is demonstrated by Terwagne [21], 

and involves molding a hollow sphere composed of a soft core and a stiff, thin layer 

which covers it. An induced pressure difference between the internal and external layer of 

the sphere create patterns on the surface. These patterns are created by the wrinkling 

instability of the material. The advantages of this approach include the possibility of 

implementing this technique over large areas and having instantaneous control of the 

shape for drag applications. 

The possibility of modifying the shape and/or volume of material is of interest to 

those studying smart soft actuators. This possibility has been widely studied and can be 

actuated by various stimuli such as thermal, electrical, photon or coupled as electro-
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thermal [25, 28, 41-44]. All these possibilities of combinations for different mechanisms 

of actuation create the opportunity to develop a wide range of devices for sensors, soft 

robotics and actuators [44]. 

One advantage of morphing structures is the possibility to control the structure 

and surface, simplifying the system by reducing the number of components. 

Consequently, morphing structures can improve efficiency, reduce power consumption 

and increase the functionalities significantly.  

2.3. Materials for advanced applications 

Smart materials are usually defined as materials which respond to external stimuli 

and execute a task [45]. The following materials are a few of the examples which have 

been developed with a wide range of characteristics and applications:  self-healing, 

shape-changing, sensors, energy harvesting, etc. [45]. 

2.3.1. Electro-Active Polymers (EAP) 

An electro-active polymer modifies its dimensions when exposed to stimuli (i.e., 

when an electric field is applied) [25, 46]. Conductive polymers have a significant 

advantage. This kind of material enables the customization of chemical, electrical and 

mechanical properties during the preparation process, or even to control the properties 

through the stimuli which are applied [26, 46-48].  All of these possibilities of 

customization enhance the potential applications for this class of materials. 

Conductive polymers were produced for the first time decades ago. Nowadays, 

tens of this kind of polymers exist, combining the positive aspects of metals and 
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polymers, turning them into conductive and flexible materials with a simplified 

fabrication process [46]. 

From the existent conductive polymers, the most important are polypyrrole, 

polyaniline, and polythiophene. 

2.3.1.1. Polypyrrole (PPy) 

Polypyrrole is a well-characterized and studied polymer which has chemical 

stability, high conductivity, biocompatibility and is commercially available [49]. This 

polymer responds when an electric field is applied. However, after synthesized, this film 

is rigid and brittle not allowing further processing [46].   Much work has been dedicated 

to optimizing PPy for electro actuation since the main limitation is repeatability when it is 

exposed to air as actuation starts to reduce after each cycle [50]. 

2.3.1.2. Polyaniline (PANI)  

After the PPy, the Polyaniline polymer is the most studied EAP. Actuators made 

of PANI have been developed with many different dopants and electrolytes. PANI is 

electroactive when it is submerged in acids with pH lower than 4 where a redox reaction 

occurs [51].  The main limitation associated with PANI is that the mechanism of 

actuation only work when it is under an acidic electrolyte. Some alternatives to address 

this issue have been developed by using layers of hydrogels soaked in acid [52].  

2.3.1.3. PEDOT: PSS 

PEDOT is a conductive polymer with applications in supercapacitors, touch 

screens, organic photovoltaic cells, printed devices, organic light emitting diodes, etc. It 

was discovered in 1988 and the first commercial application was as an antistatic layer. 
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Since then, its use has been extended to a variety of applications and today it is possible 

to find more than thirty different dispersions available on the market [53]. 

This polymer is linear π-conjugated, which means that the conductivity can be 

modified significantly by doping. The electrical conductivity of PEDOT: PSS can be 

custom-made in a range from 0.1 to more than 4000 S cm-1 via different methods of 

doping and de-doping [26]. 

 In comparison to other EAPs, PEDOT has better thermal and chemical stability 

when it is doped [25]. Contrasted to other EAPs that are also driven by electrochemical 

doping, PEDOT: PSS can operate without the need of an electrolyte solution medium 

[27],  proving a significant advantage when considering potential applications. A 

remarkable characteristic of this polymer is that its behavior is strongly dependent on 

water content. Moreover, when a film made of PEDOT: PSS is subjected to a voltage, it 

will shrink. When the temperature increases via Joule heating, desorption of water in the 

vapor phases occurs, which causes the PEDOT:PSS film to shrink [27]. Conversely, 

when the voltage is removed, the temperature starts to decrease, and the reabsorption of 

water occurs with the film expansion, although some hysteresis can remain when water 

plasticizes the PSS chain [27, 48]. The temperature of the film increases proportionally 

with the square of the voltage applied, which is a characteristic of Joule heating [48]. 

2.3.2. Phase Change Materials  

Phase change materials can be considered as an alternative for most of the 

traditional electrically-driven actuators. These kind of materials have their actuation 

based on the phase transition, which can be solid to liquid or liquid to gas, which converts 

thermal energy into mechanical work [54]. 
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Phase transition materials have been employed since the 1920’s. The first 

application was a paraffin actuator that was used as the temperature switch in a 

thermostat; the actuation works on the phase change of solid to liquid paraffin [28, 54].  

Paraffin actuators were widely used  in aerospace applications and a range of linear 

actuators was developed [54]. This kind of actuator provides a strong actuation force. 

However, volumetric change is strongly dependent on the type of polymeric chain of the 

paraffin, and the typical value is approximately 15 % for solid to liquid phase change 

[55]. 

Moreover, for the material to achieve greater expansion, the alternative is to work 

with liquid to vapor phase change. Different techniques and devices are used to work 

with this principle, the most common of which is to confine liquid inside a balloon or 

between layers to create an expansion cavity. A device with ethanol trapped inside a 

balloon was employed [56], and an expansion of 120 % and high blocking force was 

reached. On the other hand, this kind of device brings some complexity and limitation 

related to the fabrication process and shape due to intrinsic characteristics. 

Recently, a composite material was developed in which the polymeric matrix is 

PDMS-based, and is combined with ethanol due to chemical compatibility [28]. The 

ethanol is trapped in small bubbles with air originating from the curing process which is 

distributed along the elastomer.  The working principle in this composite is quite simple: 

when it is heated the liquid ethanol evaporates and with the phase transition, the internal 

pressure inside the bubbles increases, which leads to a volumetric expansion [28]. 

According to the report, the maximum volumetric expansion was approximately 915 % in 

a water bath with a temperature equal to 90 °C. One of the advantages of this material is 
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the possibility of 3D printing devices. Figure 1 illustrates the working principle of the 

soft material. 

 

Figure 1. Soft material working principle. Adapted from Miriyev et al. [28] 

 

As observed in Figure 1, if the temperature is below 78.4°C, the ethanol trapped 

inside the bubble is mainly liquid, with the presence of air originating from the degassing 

process of the polymeric matrix fabrication. Once the temperature is equal to 78.4°C, the 

boiling point of ethanol, it will become liquid and gas, increasing the internal pressure 

and expanding the soft material significantly. When the temperature is above 78.4°C, the 

ethanol is completely vaporized, achieving the maximum expansion of the soft material. 

Recent advances in phase transition materials have a wide range of applications in 

manufacturing. However, it is important to mention that thermal control is not easy to 

achieve, and depending upon the application, a different material may be required to 

provide the necessary constraints.  
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2.4. Internal Flows 

Fluid flow can be categorized as external or internal [57], depending if it is 

flowing over a surface or in a duct. They have different characteristics and commonly for 

an internal flow is assumed that the duct is completely filled with fluid. The most 

common examples of internal flows are pipes and ducts. 

2.4.1. Reynolds Number 

Flows can be classified into different aspects according to uniformity, dimensions, 

steady/unsteady state, compressibility, and  laminar or turbulent [58].  The most 

important classification is related to a turbulent or laminar flow. Concerning this 

classification, there are two parameters that have the most influence, velocity and 

viscosity.  

When the flow has low velocity and/or high viscosity, the result is an organized 

flow, classified as laminar.  If the flow velocity increases and/or the viscosity of the fluid 

decreases, a more chaotic flow takes place and is classified as turbulent flow. 

To differentiate laminar from turbulent flow it can be calculated as the Reynolds 

number, by the following relationship: 

𝑅𝑒 =
𝑉𝑚𝑒𝑎𝑛𝐷𝐻

𝜐
=

𝜌𝑉𝑚𝑒𝑎𝑛𝐷𝐻

𝜇
        (1) 

where Vmean is the mean flow velocity, ρ the density, υ the kinematic viscosity, and μ the 

dynamic viscosity. It is important to note that in the case of a non-circular pipe, the 

hydraulic diameter can be calculated as four times the ratio of the cross-sectional area 

divided by the wetted perimeter [57]. 
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The Reynolds number is an indicator of the ratio of inertial forces to viscous 

forces [58].  The inertial forces are dominant at high Reynolds numbers, causing 

turbulent flow. Conversely , at low Reynolds numbers, the viscous forces  predominantly 

result in a laminar flow [58].   

2.4.2. Entrance Length  

When a fluid with uniform velocity is enters a pipe, it experiences a region called 

“hydrodynamic entrance region”, which corresponds to the establishment of the boundary 

layer. This entrance region ends when the flow is fully developed and reaches a steady-

state configuration.  This is demonstrated in Figure 2. 

 

Figure 2. Entrance region and velocity development of the flow. 

 

Figure 2 shows the entrance region and the region where the velocity is constant 

that is called “hydrodynamically fully developed region” [57]. The length of the entrance 
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region can be calculated using the following equations, for both the laminar and turbulent 

flows: 

𝐿𝑒𝐿𝑎𝑚𝑖𝑛𝑎𝑟 = 0.05𝑅𝑒𝐷𝐻        (2) 

𝐿𝑒𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 1.359√𝑅𝑒
4 𝐷𝐻 −̃ 10𝐷𝐻      (3) 

where 𝐷𝐻 is the hydraulic diameter and 𝑅𝑒 is the Reynold’s number. 

2.4.3. Losses 

When considering pipelines, it is fundamental to analyze losses that can be due to 

pressure drop and head loss [57].  

The pressure drop is associated with the power required to pump the fluid and can 

be obtained using the equation: 

∆𝑃 = 𝑓
𝐿

𝐷𝐻

𝜌𝑉𝑚𝑒𝑎𝑛
2

2
         (4) 

where L is the pipe length and f is the friction factor. 

An important part of the pressure drop also comes from the resistance to flow. It 

is expressed as an equivalent column height of fluid and can be divided in two terms: 1) 

the resistance to flow due to interactions with the wall of the pipe (head loss) and 2) the 

resistance to flow due to interactions with the elementary components (minor losses) such 

as valves, curves, expansions or any geometrical perturbations in general.  

The frictional head loss can be calculated from the following expression: 

ℎ𝐿,𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
∆𝑃

𝜌𝑔
= 𝑓

𝐿

𝐷𝐻

𝑉𝑚𝑒𝑎𝑛
2

2𝑔
        (5) 
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where g is acceleration due to gravity. This component is strictly related to the frictional 

losses inside the pipe caused by wall shear stress. It is valid for laminar and turbulent 

flow, for both circular and non-circular pipes. 

Minor losses can be calculated from 

ℎ𝐿,𝑚𝑖𝑛𝑜𝑟 = 𝐾𝐿
𝑉𝑚𝑒𝑎𝑛

2

2𝑔
,         (6) 

where 𝐾𝐿 is a loss coefficient, which has a characteristic value for each 

component and can be determined from tables available in the literature. 

The addition of the frictional head loss and the minor losses together leads to the 

total head loss:  

𝐻𝐿 = ℎ𝐿,𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + ℎ𝐿,𝑚𝑖𝑛𝑜𝑟        (7) 

2.4.4. Friction Factor 

In a fully developed laminar flow, the friction factor (in our case also called 

Darcy-Weisbach friction factor), can be calculated (assuming a circular pipe) as: 

𝑓 =
64𝜇

𝜌𝐷𝐻𝑉𝑚𝑒𝑎𝑛
=

64

𝑅𝑒
,        (8) 

Based on equation 8, under laminar conditions, the friction factor depends 

exclusively on Reynolds number, and it is not affected by the surface roughness (ε) of the 

pipe. 

For transition and turbulent flows (Re > 2400), experimental results have shown 

that the roughness of the surface if the pipe plays an important role. Colebrook [59] 

developed an implicit equation that provides the friction factor in an implicit manner: 
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1

√𝑓
= −2 log (

𝜀

3.7𝐷𝐻
+

2.51

𝑅𝑒√𝑓
)        (9) 

 

Thus, in summary, we discussed the working principle of soft actuators, and how 

the kind of material that they are made from will affect the performance or limit the set of 

potential applications. Complemented with an understanding of how skin friction drag is 

related to flow, we propose a design of smart skin with a controllable texture based on 

organic polymers, electrically driven with an application for drag coefficient reduction. 
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Chapter 3. Experimental Methods 

For the proposed device we performed some characterizations and measurements. 

A morphological characterization using XµCT was applied to verify the microstructure. 

Under thermo-electrical stimuli, we measured the temperature evolution as a function of 

time; we also verified the total actuation to check the linear expansion.  To validate the 

developed device, we measured the reduction of the skin drag friction coefficient for 

water flow in an open channel. 

3.1. Sample Preparation 

The flexible electrodes and heaters were prepared as follows: an aqueous 

dispersion of PEDOT: PSS Clevios PH1000 (HC Starck) was mixed with 3% mass ratio 

of a solvent of Ethylene glycol (EG) (Sigma-Aldrich) and magnectically stirred at 500 

RPM, for 6 hours. The solution was later on drop-casted on a petri dish base coated with 

a Teflon sheet, and subsequently cured inside a fume hood, at room temperature, for 48 

hours, in order to obtain a 50 μm thick. To precisely cut the solution casted PEDOT: PSS 

film a CO2 laser cutter PLS 6.75 (Universal Laser Systems) was used, with the following 

optimized parameters: power 3%, speed 5%, pulse per inch 1000 and focus distance of  

Z-axis of 4 mm.  

The soft actuator was prepared using an Ecoflex 00-50 (Smooth-On) silicone 

rubber and some ethanol at 96% (VWR Chemicals). In order to obtaina soft actuator, the 

preparation was optimized by mixing 20% mass ratio of ethanol with Ecoflex. The 

silicone elastomer of Ecoflex (part A) and ethanol were first mixed for 2 minutes, the 

silicone crosslinker of Ecoflex (part B) was then added and mixed for another 2 minutes, 

at the recommended 1:1 mass ratio of part A and part B. The mixture was poured into a 
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3D printed acrylonitrile butadiene styrene (ABS) mold and cured for 3 hours, at room 

temperature.  The same procedure was used for samples that contain methanol instead of 

ethanol. 

To assemble the device, the Ecoflex based soft actuator was placed on a 

customized 3D printed ABS mold. It was then covered with the PEDOT: PSS film, in 

order to build the heating element. Contact electrodes were assembled on the PEDOT: 

PSS film using copper wires fixed with colloidal silver liquid (Electron Microscopy 

Sciences). For the casing, PDMS was prepared using a silicone-based elastomer and 

curing agent Sylgard 184 (Dow Corning) with a 10:1 mass ratio. The mixture was 

degassed under vacuum for 30 minutes to remove air bubbles. Finally, PDMS was poured 

into the mold and cured at room temperature,for 48 hours, to package all the components.  

A schematic of the device assembled and an exploded view are shown in Figure 3. 

 

Figure 3. Soft actuator device assembled (a) and an exploded view (b). 

 

3.2. Non-destructive analysis X-ray Micro-Computed Tomography 

In-situ X-ray Micro-Computed Tomography (XµCT), scanning of the ethanol-

based soft actuator was conducted under exposure to a controlled voltage.  
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The exposure of the samples to 3 W, consequently promoting the development of 

heating, was observed in-situ using a Nikon XT H 225 (Nikon Metrology, Leuven, 

Belgium) XµCT device coupled with a Paxscan 2520DX X-ray amorphous-Si flat panel 

detector (Varian Imaging Systems, Palo Alto, CA, USA). Each sample had a nominal 

size of 5240 mm3, and a volume of interest (VOI) scanned within the field of view of 

4.51.820 mm3 (X, Y, Z); the central portion of the sample along the Z 

axis was contained within the VOI. The XµCT device was set to operate at a voltage of 

60 kV and current of 100 μA. Scanning of  the sample was performed at a voxel size 

resolution of 16 μm, and with the specimen stage rotating through 360 in stepped 

increments of 0.115 over a period of approximately 8 hours. A total of 3141 projection 

images were obtained by averaging 8 frames for each rotation step, at an exposure of 

1000 ms per frame. Reconstruction of the projected images were performed using a CT 

Pro 3D 4.4.2 software (Nikon Metrology, Hertfordshire, United Kingdom), resulting in 

1524 slice images with a resolution of 1910x1910 pixels each. A volume rendering 

software (Avizo 9.2.0, FEI Company, Hillsboro, Oregon, USA) was used to analyze the 

changes in the structure consisting of ethanol bubbles due to heating. A picture of the soft 

actuator device assembled on the stage for the XµCT scan is shown in Figure 4. 
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Figure 4. Sample on stage for the XµCT scan. 

 

3.3. Device Actuation 

We actuated the device by applying a voltage in two stages. Initially, 5V (0.6 A) 

was applied for 5 min. We then increased the loading to 6V (0.7 A) for 2 min. The 

actuation of the device was measured using a Drop shape analyzer (Kruss), where an in-

situ video was captured, and a post-processing image was used with the open source 

software ImageJ.  

To verify that the lifetime and reliability of our device, we performed a cyclic test. 

Each cycle was composed of two periods: a 7 minutes heating period during which the 

power was on, and a cooling 5 minutes period with the power off. The voltage supplied 

during the heating period was 7 V, and a microscope (Leica S6D MC 190 HD) was used 
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to capture images at the end of the 7 minutes, to obtain the maximal actuation; a post-

processing image was taken with the open source software ImageJ. 

3.4. Electro-thermal Profile 

The evolution of temperature as a function of time was measured using a thermal 

camera (FLIR SC7000); data were processed using the Altair software. The heating 

process was monitored for 4 minutes, with a supplied power of 5 V and 0.6 A. It was then 

turned off, and data were collected during the cooling step.  

A measurement of temperature as a function of time was realized using TC-08 

and thermocouple type K. The supplied power was 5 V and 0.6 A for 15 min duration. 

We measured the temperature on two different points, one on the center of the soft 

actuator and the second close to the corner of the PDMS package. A picture showing the 

position of the thermocouples can be seen in Figure 5.  

 

Figure 5. Thermocouple position on the sample. 

 

To compare the temperature in function of time for ethanol and methanol, we 

used a Pico TC-08 and as well as a thermocouple type K, which we placed over the soft 

actuator. We supplied the system with a power of 5 V and 0.6 A, for total duration of 5 

minutes. 
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3.5. Smart Pipe for Friction Coefficient  Reduction 

We measured the output water flow in a smart pipe. The interior was equipped 

with six of our actuator devices systematically distributed along the flow in the 

streamwise direction. A 3D printed PLA pipe was used as our main structure. The 

modules of the device were prepared using the protocol described in section 3.1, but with 

an adjustment of the dimensions, taking into account the volume each actuator (52100 

mm3). To constrain the in-plane and out-plane expansion (with direction normal to the 

external surface of the pipe) a PDMS casing outside the pipe with a thickness of 3mm  

was fabricated. A schematic displaying the components of our device and assembly 

process is shown in Figure 6.  

 

Figure 6. Components of our device and assembling steps. 
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As showed in Figure 6, step 1 consists of the insertion of soft actuators in our 

PLA pipe. Step 2, PEDOT: PSS heater is placed on the soft actuators by making the 

electrical contacts. The final step, step 3 is the casing with PDMS and drying for 48 

hours.   

The setup is composed of a reservoir fixed under a tap, has a drain that keeps the 

level of liquid constant to have a constant water column. The reservoir is connected, via a 

hose, to a valve, itself connected to the entrance pipe, in order to guarantee a fully 

developed flow at the entrance of the tested device. Figure 7 shows a schematic of the 

experimental setup. 

 

Figure 7. Experimental setup. 
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In this experiment, the flow-rate was measured under two different 

configurations: a first configuration in which the device was not actuated (as-prepared), 

and a second configuration in which the device was actuated with an applied voltage of 7 

V, and held for 20 min, when the valve was opened, to allow the flow of water. A 

chronometer was used to measure the flow, and a glass beaker was used to collect and 

quantify the total volume of water that flowed in 20 seconds.  Additionally, in order  to 

verify the friction coefficient modification as a function of the different Reynolds 

number, the height (vertical difference between the top of the reservoir and the pipe inlet) 

was modified in six values from 0.14 m to 0.64 m (steps of 0.1m).  

In our experimental setup, was measured the flow velocity at the outlet of the 

pipe. We also know the height (h) of the fluid column in the reservoir. It is, therefore, 

possible to obtain the total head loss by applying Bernoulli’s equation, 

𝐻𝐿 = ℎ −
𝑉𝑚𝑒𝑎𝑛

2

2𝑔
         (10) 

where h is the height from the pipe inlet to the top of our reservoir (water column). 

Alternatively, HL can be expressed as frictional head loss and minor loss. A minor 

loss, as previously mentioned, is a constant value, in our system, because it is identical 

for both the normal and actuated devices. 

ℎ𝐿,𝑚𝑖𝑛𝑜𝑟 = (𝐾𝐿
𝑉𝑠𝑦𝑠𝑡𝑒𝑚

2

2𝑔
)        (11) 

However, the frictional head loss is the part that will be modified by the actuation 

of the polymorph skin. Our device only covers one section of the piping system. 

Therefore, we need to separate the frictional head loss from the system (where there is no 
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polymorph skin) and the frictional head loss from our smart pipe.  The fsystem was 

obtained from equation 9. 

ℎ𝐿,𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛_𝑠𝑦𝑠𝑡𝑒𝑚 = (
𝑓𝑠𝑦𝑠𝑡𝑒𝑚𝐿𝑠𝑦𝑠𝑡𝑒𝑚

𝐷𝐻,𝑠𝑦𝑠𝑡𝑒𝑚

𝑉𝑠𝑦𝑠𝑡𝑒𝑚
2

2𝑔
)      (12) 

In addition, the device friction can be expressed as: 

ℎ𝐿,𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛_𝑑𝑒𝑣𝑖𝑐𝑒 = (
𝑓𝑑𝑒𝑣𝑖𝑐𝑒𝐿𝑑𝑒𝑣𝑖𝑐𝑒

𝐷𝐻,𝑑𝑒𝑣𝑖𝑐𝑒

𝑉𝑑𝑒𝑣𝑖𝑐𝑒
2

2𝑔
)      (13) 

Therefore, we can express the total losses by the following expression: 

𝐻𝐿 = (𝐾𝐿
𝑉𝑠𝑦𝑠𝑡𝑒𝑚

2

2𝑔
) + (

𝑓𝑆𝑦𝑠𝑡𝑒𝑚𝐿𝑠𝑦𝑠𝑡𝑒𝑚

𝐷𝐻,𝑆𝑦𝑠𝑡𝑒𝑚

𝑉𝑠𝑦𝑠𝑡𝑒𝑚
2

2𝑔
) + (

𝑓𝑑𝑒𝑣𝑖𝑐𝑒𝐿𝑑𝑒𝑣𝑖𝑐𝑒

𝐷𝐻,𝑑𝑒𝑣𝑖𝑐𝑒

𝑉𝑑𝑒𝑣𝑖𝑐𝑒
2

2𝑔
)  (14) 

To obtain more explicit information on the performance of our device, we can 

isolate fdevice/DH,device from equation 14  as (considering the cross-section does not vary 

significantly between the system and the device, we assume  𝑉𝑠𝑦𝑠𝑡𝑒𝑚
 = 𝑉𝑑𝑒𝑣𝑖𝑐𝑒

  ): 

𝑓𝑑𝑒𝑣𝑖𝑐𝑒

𝐷𝐻,𝑑𝑒𝑣𝑖𝑐𝑒
=

𝐻𝐿−(𝐾𝐿+
𝑓𝑠𝑦𝑠𝑡𝑒𝑚

𝐷𝐻,𝑆𝑦𝑠𝑡𝑒𝑚
𝐿𝑠𝑦𝑠𝑡𝑒𝑚)(

𝑉𝑠𝑦𝑠𝑡𝑒𝑚
2

2𝑔
)

(
𝐿𝑑𝑒𝑣𝑖𝑐𝑒𝑉𝑠𝑦𝑠𝑡𝑒𝑚

2

2𝑔
)

      (15) 

The characteristic parameters of our experimental setup can be found in Table 2 . 

Table 2. Main parameter values used to obtain the ratio from equation 15. 

Parameter Value 

KL 1.14 

L system (m) 2.7 

DH, system (m) 0.015 

ε system (mm) 0.015 

L device (m) 0.15 
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3.6. Design Improvement 

We developed an algorithm (Appendix C) to estimate the efficiency of the heater 

to verify how it was affecting the necessary time for heating our soft actuator device. It 

was calculated based on the necessary energy to heat the device to 80°C, considering the 

latent heat to vaporize ethanol completely and assuming convection losses to the ambient.  

For a proposed pre-heating of the device, measurement of temperature in function 

of time was performed using TC-08 and thermocouple type K. The measurement was 

done increasing the voltage in steps, and each step had a total duration of 5 min and was 

increased 1V at the end of each interval. The initial voltage was 2V, and the final one was 

6V. The temperature was measured at the center (above the heating platform) of the 

actuator, as shown in Figure 5.  
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Chapter 4. Results and Discussion 

4.1. Morphological Characterization 

The XµCT scan of the prepared individual module can be visualized in Figure 8.  

Figure 8, which shows a) the as-prepared module (before applying voltage), b) the 

actuated module (when a voltage is applied) and c) the module back to original state 

(when the voltage is turned off). 

 

Figure 8. XµCT: Bulk a) before applying voltage b) while applying voltage c) after the 

voltage is switched off. 

Later, to complement and support our analysis, Figure 9 shows the bubbles 

(ethanol) distribution of an individual module without the Ecoflex and PDMS.  

 

Figure 9. XµCT: Ethanol bubbles a) before applying voltage b) while applying voltage c) 

after the voltage is switched off. 
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As observed from Figure 8 and Figure 9, when comparing the initial condition a) 

with the final condition c), our device undergoes some internal modifications in the initial 

cycles. An accumulation of ethanol (pocket) close to the PEDOT: PSS heater is detected. 

The origin of the ethanol pocket is associated with the heating process, due to a higher 

temperature that is achieved close to the PEDOT: PSS heater. The higher temperature 

vaporizes all the trapped ethanol and increases the internal pressure of the bubble. 

Consequently, the bubble cracks and the ethanol accumulates, creating a pocket. 

From Figure 10, it is possible to verify that the  main concentration of bubbles in 

the device is close to the top surface (boundary) and the distribution is not very uniform. 

The average volume of these bubbles is 0.052 mm3, and with a total porosity 

approximately of 13.5%. 

 

Figure 10. XµCT sliced view (a-d) for the actuator before applying voltage. 

 

A lateral (cross-section) view of the soft actuator device is shown in Figure 11, 

where a) shows the as-prepared device, b) shows the device under actuation (when a 

voltage is applied) and c) shows the device after actuation (when the voltage is turned 

off). 
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Figure 11. XµCT: Lateral view soft actuator a) before applying voltage b) while applying 

voltage c) after the voltage is switched off. 

 

Figure 11 shows a non-homogenous distribution of the ethanol pocket along the 

sample. A complementary view, the front (cross section) view is shown in Figure 12, 

where a) shows the device before applying voltage; b) shows the device under actuation 

and c) shows the device after actuation (when the voltage is turned off). 

 

Figure 12. XµCT: Front view soft actuator a) before applying voltage b) while applying 

voltage c) after the voltage is switched off. 

 

During the actuation, the total volume expansion of the soft actuator (Ecoflex + 

ethanol) when it is compared to the initial stage (as prepared) is 62%. The average bubble 

volume is 0.0635 mm3 (an increment of 20%).  The pocket experiences a large change in 

volume during the actuation (a 210% increase when the voltage is applied), which 

appears to be the primary factor responsible for the total actuation.  
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To complement the previous analysis, in Figure 13 a histogram is plotted for the 

bubble volume versus number of bubbles for three different stages as (a) before any 

applied voltage, (b) during the applied voltage, and (c) when the voltage is switched off. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

1

10

100

1000

 

 

Volume (mm
3
)

1

10

100

1000

Initial

 

 

N
u

m
b

e
r 

o
f 

B
u

b
b

le
s
 (

C
o

u
n

t)

During

1

10

100

1000

c)

b)

a)

 

 

After

 

Figure 13. Histogram for the bubble volume versus number of bubbles for three different 

stages (a) before any applied voltage, (b) during the applied voltage, and (c) when the 

voltage is switched off. 

 

As shown in Figure 13 it is possible to verify that the bubbles expanded when 

actuated. The pocket initially had a volume of 12 mm3, and when actuated, expanded to 

38 mm3, and after, when the voltage was turned off was 24 mm3. Comparing the initial to 

the final stage, we measured an increase in the total volume of bubbles approximately 

0.74% which is negligible and can be an artifact of the x-ray scan. Also, it is observed 

that the ethanol pocket volume doubled.  
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The porosity of our sample changed from 13.5% initially to 17% after the 

complete cycle (as-prepared, under actuation and after it returned to its original shape), 

which was not a significant change in the number of bubbles. This means that some 

bubbles were then empty cavities without ethanol, and the ethanol accumulated at the 

bottom forming the pocket. 

The observation of the ethanol which accumulated at the bottom gives rise to the 

question about the importance of the bubbles for the actuation since it is verified that the 

expansion came mainly from that pocket. However, the bubbles are essential for trapping 

the ethanol in the material.  

Another possible contributing factor is the actuation of the PEDOT: PSS itself due 

to desorption of water while heating. However, we estimate that effect to be minor when 

compared to the actuation due to the expansion of the liquid-gas phase in the pocket. 

4.2. Electro-Thermal Profile 

The temperature field induced when applying a voltage (heating) or removing 

voltage (cooling) to our actuator device is shown in Figure 14, which shows the heating 

spectral profile, and the temperature-time curves at different locations of the sample and 

the real image of the actuator device. 
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Figure 14. Heating (5 V 0.6 A) and cooling spectral profile of the actuator device. 

 

During the actuation, the center of the module  (above the heating element) 

reached the peak temperature (of approximately 93°C) within 2 minutes. The temperature 

field displayed strong gradients during the first 2 minutes, and then stabilized. On the 

other hand, during the cooling process, the device reached 50°C after 2 minutes of 

cooling, and the surface of the device returns to its initial shape. 

Also, the thermal stability of the device was measured with long heating exposure 

duration, and its behavior was studied under a long electrical stimulus, as shown in 

Figure 15.  
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Figure 15. Heating (5 V, 0.6 A) and cooling profile with respect to time of the ethanol-

based individual actuator. 

 

The device had a peak temperature of approximately 85°C, achieved at 

approximately 450 s, which was constant until the power was turned off. When it was 

cooling down at 120 s, it was verified that the temperature decreased to approximately 

50°C, and at this stage, the device returned to the original shape.  As expected and 

previously observed, the PDMS had a lower temperature in comparison to the soft 

actuator in agreement with the results obtained with the thermal camera.  

The current design was the result of an optimization process. For example, to 

reduce the surface temperature and the necessary power to have the actuation, we aimed 

to replace the ethanol with a different organic solvent that also had the chemical 

compatibility with the Ecoflex polymeric matrix. The potential alternative needed to have 

a lower boiling point and/or lower latent heat to reduce the energy spent to obtain 

actuation. After multiple experimental trials of compatibility with different solvents (e.g., 

methanol, acetone, dichloromethane, hexane), methanol showed a relatively comparable 

result.  It was expected that methanol would have a faster actuation due to its lower 
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boiling point in comparison to ethanol. However, the latent heat of methanol is greater 

than that of ethanol, and the final performance was essentially the same, as shown in 

Figure 16.  
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Figure 16. Heating profile comparison between ethanol and methanol solvents. 

 

The result obtained shows that ethanol- and methanol-based actuators presented a 

similar performance. Potentially, ethanol can be replaced by methanol without significant 

changes in the performance of the actuator. In addition, the methanol-based soft actuator 

also exhibited a homogeneous bubble distribution in the Ecoflex.  

4.3. Device Actuation 

When electrically stimulated, the device deformed in a pseudo-sinusoidal shape 

with a maximum amplitude (~ 1 mm) and then returned to its original shape. Figure 17 

shows the electro-actuation of the device based on ethanol solvent, (a) before any applied 

voltage, (b) during the applied voltage, and (c) when the voltage is switched off. It was 
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observed, after 7 min, the device achieved its final shape, where it had a uniform 

amplitude along the entire the soft actuator. From an initial flat surface, it assume a wavy 

shape with an amplitude equal to 1 mm. Comparing the initial to the actuated shape, the 

actuated shape has a linear expansion of 50%.  

 

Figure 17. Electro-actuation of the actuator device with ethanol (a) before any applied 

voltage, (b) during the applied voltage, and (c) when the voltage is switched off 

  

An important remark related to the Ecoflex and PDMS is that the thermal 

coefficient of linear expansion is similar, as both are from silicone-based elastomer 

families, and the mismatch that generated the expansion came from the vapor-phase 

transition of the organic solvent (ethanol or methanol).  

The device showed a similar behavior when methanol was used as the organic 

solvent, as shown in Figure 18. 

 

Figure 18. Electro-actuation of the actuator with methanol a) front view initial condition; 

b) front view final. 
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Both ethanol- and methanol-based actuator devices are completely reversible with 

a fast response which would be the critical aspect for any potential application. We have 

then achieved a controllable and reversible texture. 

Figure 19 shows the performance of our device actuator as a function of the 

number of cycles, with the maximum actuation measured in the first cycle as the 

reference point.  
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Figure 19. Soft actuator performance of a typical sample as a function of a number of 

cycles. 

 

As verified in Figure 19, the device keeps 80% of the actuation, up to 50 cycles. 

We observed a reduction of the maximum actuation by 50%, after 80 cycles. Over the 

cycles, we observed a reduction of the power consumption. While the voltage was kept 

fixed, the current flow through the sample was reduced from 0.43 A (1st cycle) to 0.28 A 

(80th cycle).  The cyclic performance of the system, was mainly governed by the integrity 
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of the soft heater made of PEDOT:PSS, which broke after 96 cycles. With our design, we 

found the polymorph skin to be operational for approximately 50 cycles, before it was 

reduced progressively to zero before breaking. A possible way to make the system more 

durable would be to add stretchability to the PEDOT:PSS electrode (by patterning, for 

example). 

 

4.4. Application: Smart Pipe for Friction Reduction 

One of the potential applications of our technology is in the field of smart pipes, 

more specifically for friction reduction. In this case, a polymorph skin is introduced to 

control the boundary layer between the turbulent flow and the carrying pipe. A schematic 

displaying the components of the device and the assembly process for that purpose is 

shown in Figure 6.  

Riblets are well known to reduce the friction when positioned in the streamwise 

direction [60, 61]. These geometrical features modify the boundary layer by promoting 

vortices [60]. This effect can be observed only for the turbulent flow (Reynolds number, 

(Re) >2400). Indeed, the boundary layer in pipes is first formed of viscous sublayer in 

which vortices cannot be created. The thickness of this sublayer is inversely proportional 

to the velocity [57]. Therefore, it is only when the velocity and the Re are high enough 

that the viscous sublayer becomes thin enough for the riblets to interact with the turbulent 

flow and start promoting vortices [61]. This is well summarized by the classical Moody 

chart, in the case of geometrical perturbations coming only from roughness modifications 

[57]. 



 48 

 

From the setup presented in Figure 7, we measured the performance of the device 

for friction reduction. The results obtained for the actuated and non-actuated device are 

showed in Figure 20. 
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Figure 20. Ratio of Friction coefficient by Hydraulic diameter as a function of Reynolds 

number. 

 

From Figure 20, it is observed that the actuated pipe has a strongly reduced 

friction factor compared to the non-actuated configuration. The decrease observed for 

(f/D) is between 50 to 60%, depending on the Reynolds number over the chosen 

experimental range.  

 

4.5. Design  Analysis and Suggested Improvements 

From the design perspective, it is extremely important that the heater (PEDOT: 

PSS layer) is completely clamped; otherwise, it may break due to the expansion of the 
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actuator.  As PDMS is an excellent thermal insulator and also a stiff material, for our case 

it fits well as a material to pack the soft actuator. 

In addition, to obtain a thinner skin for low dimensional robust applications, it is 

important to consider scaling down the soft actuator. For the soft actuator with a 

thickness of 2 mm, an average bubble volume of 0.0522 mm3 was measured, and, 

assuming that it has the shape of a sphere, the radius will be 0.232 mm. Thus, for the 

procedures used to fabricate the device, the diameter of the bubble can be considered a 

limiting factor, due to the minimum thickness needed to trap the bubble. From the 

manufacturing process, it is essential to guarantee a uniform distribution of the bubbles, 

and thus the linear expansion is affected directly by heterogeneous distribution. We can 

suggest that it would be better to have a big bubble of ethanol, i.e., all of the bubbles 

connected, leading to a more homogeneous pressure distribution. 

On the other hand, a different way to address and avoid the ethanol pocket would 

be improving the heating system.  The key aspect is to provide a more uniform heat 

distribution through the actuator. Interestingly, alternatives solutions can be implemented, 

e.g., PEDOT: PSS fibers or filaments embedded along the actuator. 

Regarding the heater, some improvements can be made in the geometrical aspect 

to have an integrated structure that allows for expansion while avoiding breakage, which 

results in the independence of the packaging case. Moreover, the heater efficiency 

directly affects the time consumed to fully actuate the device module. Figure 21 shows 

the calculated time necessary for heating as a function of heater efficiency for an actuator 

device without PDMS packaging (assuming convectional losses to the environment). 
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Figure 21. Necessary time for heating the soft actuator as a function of heater efficiency 

with a given power of 3W. 

 

Comparing the results obtained in the previous sections and with the calculated 

performance shown in Figure 21, it was verified that our implemented heater had an 

efficiency of approximately 6%.   

Furthermore, to reduce the time for heating it may be necessary to improve some 

aspects of the heater, which would make it more efficient. A complementary alternative 

to reduce the time for actuation is to keep the device pre-heated. Furthermore, if the pre-

heating is to be efficient, the temperature must be below the boiling point of the organic 

solvent.  Figure 22 shows the temperature in function of time for the stepped heating 

(intervals of 300 s) and the supplied power during each interval. 
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Figure 22. Stepped heating curve for the ethanol-based device. 

 

To understand the stepped heating curve shown in Figure 22, until the 4th step (at 

1200 s) the device temperature was kept below the boiling point of ethanol (78.4°C) for 

the supplied power of 1.75 W, so the temperature stabilizes at approximately 70°C. For 

the 5th step onwards, when the supplied power was changed to 2.46 W, the temperature of 

the soft actuator reached 80°C with an additional time of 120 s, which is approximately 

half the time needed when it started at room temperature.  
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Summary 

A strictly polymer-based electro-thermo-mechanical actuator device is proposed, 

composed of EG-doped PEDOT: PSS thin film (as a heating element), Ecoflex 00-

50/ethanol (as a soft actuator) and PDMS (as packaging). With the given materials and 

fabrication approach, the device successfully actuated and returned to the original shape 

achieving the main objective of this work, which was to have a device with controllable 

texture. The potential performance of the individual soft actuator module showed more 

than 80% consistency up to 50 cycles.  

From the manufacturing process, it is important to guarantee a uniform 

distribution of the bubbles as it affects the linear expansion directly. It was observed that 

methanol and ethanol-based actuators have comparable bubble uniformity and the 

thermal performance of each is essentially the same. 

To validate our polymorph skin, a smart pipe was built. We observed that the 

device effectively reduced the friction factor by approximately 50%. We believe that our 

device provides a good foundation for the further development of devices, for a wide 

range of applications, and for which morphing skins with controllable texture can be used 

for friction or flow control. 
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APPENDICES 

Appendix A –Electrical Schematic  

For the electrical connection to actuate the device, 5V CC was applied. The 

PEDOT: PSS heater was considered to be a resistor due to the heating which occurs as a 

consequence of the Joule effect. The connection of the actuator device, is simple as 

shown in Figure 23. 

 

Figure 23. Single actuator. 

 

For the smart pipe, 6 devices were connected in parallel, the desired voltage were 

applied as observed in Figure 24. 

 

Figure 24. Array of actuators 
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Appendix B – EG-doped PEDOT: PSS  

An extensive study was undertaken to understand the effect of Ethylene Glycol 

(EG) doping on the electro-mechanical properties of PEDOT: PSS.  

A measurement was performed using a universal testing machine (Instron 5944), 

setting a pre-strain load of 0.05N with a 5N load cell. A schematic of the setup is shown 

in Figure 25. 

 

Figure 25. Schematic setup. 

  

The electro actuation stress amplitude to voltage profiles of PEDOT: PSS film 

with a different concentration of EG as a dopant is shown in Figure 26. 
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Figure 26. Electro actuation stress amplitude to voltage profiles of PEDOT: PSS film 

with various concentrations of EG as a dopant. 

From this experiment, important information which can be extracted is the 

response time and the intensity of the stress. The desired performance is a fast response 

and high stress which will occur when the PEDOT: PSS film has low resistance, due to 

Joule heating (Power=Current2 x Resistance). A higher electrical current will heat the 

sample faster the sample, which will then shrink due to the loss of water resulting in 

higher stress measured. 

In our case, we did not have shrinking of the PEDOT: PSS film because it is 

packed, and the water content was not able to flow. Still, it was important to have low 

resistance to get a higher current and faster heating since the heat will drive the expansion 

of the soft actuator. Furthermore, the optimal option for our application will be PEDOT: 

PSS doped with 3% EG. 
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Appendix C- Algorithm  

 

clear all 
clc 
%Ecoflex 
C=1558; %Heat capacity J/kgK 
p_soft=845; %density soft material kg/m3 
%PDMS 
p_pdms=970; %density pdms kg/m3 
k_pdms=0.16; %heat transfer coefficient W/mK 
%PEDOT 
p_pedot=1140; %density pedot kg/m3 
k_pedot=0.37; %heat transfer coefficient W/mK  
%Ethanol 
C_et_la=960e3; %Latent heat of ethanol J/kgK 
p_et=757; %density ethanol kg/m3 
me=0.15;% percentage of ethanol 

  
%Dimensions for the soft material 
l=0.04; %length 
w=0.005; %width 
h=0.002; %thickness 
V=l*w*h; %Volume 
A=w*l; % area of contact for heat exchange with pedot 
 

% Based on experimental data previously collected & from the 

bibliography 
P=3; %Power consumed by PEDOT with 5V 
T=80; % Temperature of phase change of Ethanol 
To=20; %room temperature 
kcv=20;%coefficient of convective heat transfer for air 
n=0.1; %heater efficiency 
dT=T-To;% difference of temperature room to phase change 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Assuming ideal system (ignoring losses to the ambient) 
Q=V*p_pdms*C*dT; %necessary energy to reach 80 C 

 
%Necessary energy to vaporize all the ethanol 
Qeth=V*p_et*me*C_et_la; 

  
%Losses to the ambient due convection  
Qloss=kcv*dT*(2*A+2*l*2*h+2*w*2*h); 

  
%Total energy required 
Qtotal=Q+Qeth+Qloss; 

  
%Time required 
t=Qtotal/(n*P); 
fprintf('Total energy required %e J to reach 80 Celsius degrees and 

vaporize completely ethanol\n',Qtotal); 
fprintf('Necessary time %f s for %f W  power source and heater 

efficiency equal %f\n',t,P,n); 


