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PDMS (polydimethylsiloxane) is a biocompatible amorphous polymer commonly used in 

medical applications such as contact lenses, denture liners, wound dressing, drug delivery 

systems, catheters and implants. The particular properties of PDMS derived from its 

chemical structure composed of siloxane (Si-O) backbone with pendant methyl groups 

which impart chemical inertness, flexibility and low toxicity. Moreover, the high 

electronegativity of oxygen and the lower electronegativity of silicon as compared to 

carbon imparts more ionic interactions in PDMS than in carbon-based polymers, showing 

higher silicon-oxygen bond energy than carbon-carbon bonds and therefore higher 

thermal stability can be expected. However, the non-polar nature of the methylene 

pendant groups in PDMS results in low intermolecular forces, internal mobility and ease 

of reorientation, all are responsible of its high hydrophobicity. As long as hydrophobicity 

involves low wettability of the PDMS surface, its adhesion is also poor.  

The motivation of this PhD thesis arises from a research project for DisRas Company 

which developed a prosthetic ear corrector made in PDMS intended for replacing surgery 

(Figure 0.1).  

 

 

Figure 0.1 - Ear corrector. 



Abstract                                                                                                      José A. Jofre - PhD Thesis 
 

4 
 

The ear corrector consists in two PDMS surfaces to which two double side acrylic tape 

pieces are applied in such a way that each of them are fixed on the back-side of the ear 

and on the head (Figure 0.2). 

 

 

Figure 0.2 - Ear corrector in place 

 

DisRas company hired a project to the University of Alicante for solving the limitation of 

the prosthetic ear corrector consisting in the detachment of the double side acrylic tape 

from the PDMS surface during use of consumers, remaining on the ear skin. This 

limitation was due to poor adhesion in the PDMS-adhesive interface and the Adhesion 

and Adhesives Laboratory developed a surface treatment based on atmospheric or low-

pressure plasmas for increasing adhesive strength. On the other hand, other part of this 

research study has been developed in the framework of the COST action MP1101 

“Biomedical Applications of Atmospheric Pressure Plasma Technology” of the European 

Council for Science and Technology. The main aim of this COST action is to extent the use 

of plasmas for medical applications.  

For some medical devices such as the ear correctors or other such as catheters or wound-

dressing devices, surface polarity is needed in PDMS. For imparting polarity to PDMS 

surfaces, plasma treatments have been used successfully in the past. Although different 

mechanisms of plasma modification have been proposed for PDMS, it is commonly 

accepted that bond scission and oxidation of methyl groups in PDMS polymeric chains are 

produced. As a consequence a silica-like layer on the most external surface of PDMS is 

formed which lead to increase its surface energy and hydrophilicity, and produces the 

formation of micro-cracks on the brittle silica-like layer surface. However, both the 

migration of low molecular weight species from the bulk to the PDMS surface across 
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these cracks and the reorientation of the new polar groups towards the bulk produce loss 

of hydrophilicity with time after plasma treatment, causing fast hydrophobic recovery 

within 24 hours after treatment.  

The influence of the plasma treatment conditions on the surface modifications of PDMS 

and their stability have been studied extensively, and it has been demonstrated that the 

extent of the hydrophobic recovery depended on the experimental parameters of the 

plasma treatment including the length of treatment, the power, the nature of the gas, the 

residual pressure, and the extent of crosslinking of PDMS, among other. However, the 

incidence of these parameters on the hydrophobic recovery of plasma treated PDMS 

have been studied separately. Moreover, most of the studies on the modification of 

PDMS surface using plasma treatments are based on low-pressure plasma systems and 

there are very few studies on the surface treatment of PDMS with atmospheric plasmas. 

Thus, the effect of different atmospheric plasma parameters on PDMS surface properties 

is novel in this study. 

In this work, the effects of the surface treatments of PDMS carried out using different 

plasma treatments have been characterized and optimized. Although the incidence of the 

experimental conditions of the plasma treatment determine the adhesion and the extent 

of  hydrophobic recovery of PDMS, a systematic study involving simultaneously all 

relevant parameters influencing the plasma effectiveness have not been carried out up to 

date. Therefore, in this study a statistical design of experiments methodology was used 

for finding the optimal experimental conditions for plasma treatment of PDMS able to 

produce noticeable increase in surface polarity and adhesion, minimizing at the same 

time its hydrophobic recovery. Thus, another novelty of this study is the use of statistical 

design of experiments to find the most relevant experimental parameters (key factors) of 

the plasma treatment of PDMS varying all them simultaneously.  

Once the optimal conditions were determined by deign of experiments, the plasma 

treated PDMS surface was characterized by using different surface analysis techniques for 

determining the changes on wettability, surface chemistry, surface morphology and 

roughness, and adhesion to acrylic adhesive tape. The study of the influence of the 

plasma treatment of PDMS surface on its adhesion properties to acrylic adhesive tape has 
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not been reported yet. The effect of different plasma treatments on the extent of 

hydrophobic recovery with time under open air were also studied, and in order to reduce 

hydrophobic recovery on plasma-treated PDMS, ageing of plasma-treated PDMS was 

carried out under different storage media, and this is another novel aspect that has not 

been studied sufficiently to date. 

On the other hand, coating deposition on PDMS surfaces by plasma enhancement 

chemical vapour deposition (PE-CVD) have been carried out in several studies by using 

different precursors. However, to the best of our knowledge plasma polymerization 

assisted by atmospheric pressure plasma torch on PDMS has not been carried out yet, 

which is another novelty in this study. 

This PhD thesis is structured in seven chapters. The first chapter is an extense 

introduction which provides a general overview about polydimethylsiloxane material and 

its structure, its properties and applications, as well as its use in biomedical applications. 

Some basic concepts on adhesive joints and adhesives for medical applications are also 

described. Then, the main aspects on the surface treatment of materials by plasma are 

discussed, including the fundamentals of the plasma state and generation of cold 

plasmas, the most important types of plasma systems and their effect on the surface 

properties of materials, and its use in medicine. Afterwards, the state of the art on 

surface treatments of PDMS using different plasma systems for surface modification and 

coating deposition is provided, including the applications of plasma-treated PDMS 

surfaces on biomedical applications. Finally, a brief explanation of the basics of the 

statistical experimental design is given. At the end of this chapter, the main objectives of 

this study are summarized. 

The second chapter corresponds to experimental, in which the experimental techniques 

and conditions used for surface characterization of plasma-treated PDMS are detailed. 

Moreover, the materials used in the study (PDMS elastomeric films and acrylic adhesive 

tape for medical applications) are characterized. 

The chapters 3, 4 and 5 correspond to plasma treatment of PDMS using low-pressure RF 

plasma, atmospheric pressure plasma torch and dielectric barrier discharge (DBD) plasma, 

respectively. In these chapters, an experimental design approach based on screening 
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designs was carried out by using water contact angle measurements as response 

parameter in order to determine the parameters that have more influence on the 

effectiveness of the plasma treatment, and afterwards the modeling with surface 

responses were applied in order to optimize the plasma treatment conditions. The 

effectiveness of the plasma treatments on the surface chemistry of PDMS was monitored 

by ATR-IR and XPS spectroscopy, and the changes in the surface morphology were 

evaluated by SEM and AFM. The adhesion properties were evaluated by T-peel tests of 

treated PDMS-acrylic adhesive joints.  

The oxygen content on the plasma treated PDMS surface was strongly increased, and 

cracks and grooves were produced. Therefore, the T-peel adhesion strength to acrylic 

adhesive tape was dramatically increased. On the other hand, hydrophobic recovery on 

the plasma treated PDMS was monitored over time after treatment. In low-pressure 

plasma treatments, the most important parameters affecting both wettability and 

hydrophobic recovery were the residual pressure, composition of oxygen + argon 

mixtures, length of treatment and power applied, whereas the factors with higher 

incidence on the treatment of PDMS with atmospheric plasma torch were the torch 

speed and nozzle-sample distance. For treatments with atmospheric DBD plasma, the 

voltage, platform speed and electrode-gap distance were the most critical in improving 

adhesion of PDMS to acrylic tape.  

Optimal conditions of low-pressure plasma treatment which maximize the oxidation of 

the PDMS surface and minimize the hydrophobic recovery were 300 mTorr pressure, 120 

seconds, 25 watts and gas composition of 93% oxygen and 7% argon. On the other hand, 

for atmospheric plasma torch a torch speed of 10.3 m/min and sample-nozzle distance of 

6.5 mm were optimal, whereas for atmospheric DBD plasma treatment of PDMS, 15 V of 

voltage, 1 cm/min of platform speed and 2 mm of electrode-gap produced the best 

results. T-peel strength of PDMS treated with plasmas-acrylic adhesive joints was 

increased in 5500% (low-pressure plasma treatment), 4500% (atmospheric plasma torch) 

and 6000% (DBD plasma treatment) regarding to the joint made with the untreated 

PDMS. The stability against hydrophobic recovery of treated PDMS surfaces was also 

improved for all treatments. 
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Chapter 6 analyzed the changes on surface properties of PDMS by plasma polymerization 

using atmospheric pressure plasma torch of two different precursors: amino silane 

(aminopropyltriethoxysilane - APTES) and urethane prepolymer. Coatings were prepared 

by using different precursor flows and number of passes of plasma torch, and differences 

on surface wettability, chemical composition and surface morphology were evaluated. 

For both coatings, the precursor flow showed higher influence on plasma deposition rate 

and coating thickness, whereas higher number of passes influenced on the homogeneity 

of the coatings. Deposition of APTES produced a particular surface morphology and 

increased the wettability, but for more severe coating deposition a nano-structured 

roughness was obtained which produced superhydrophobicity; furthermore, fast 

hydrophobic recovery was observed as well. On the other hand, polyurethane coatings 

produced a particular surface morphology with waved structures on PDMS surface, and 

increased oxygen content and wettability were obtained; wettability of the polyurethane 

coated PDMs was even higher than in the polyurethane. All coatings had a thickness 

lower than 1 micron. 

Finally, Chapter 7 summarized the main conclusions of the study. In general, cold-plasma 

processes have been revealed very useful and promising for surface modification on 

polydimethylsiloxane (PDMS) leading to reduce hydrophobicity and improve adhesion 

properties. Several different factors are involved in the effectiveness of the plasma 

treatment. Application of statistical design of experiments methodology has been used 

successfully for identifying the optimal parameters of the plasma treatments of PDMS 

able to impart polarity, optimal adhesion and better stability over time (inhibition of 

hydrophobic recovery). On the other hand, atmospheric pressure plasma torch has been 

revealed as a fast and effective technique to modify the surface of PDMS by plasma 

coating deposition obtaining new and interesting surface properties. 
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In this chapter, the structure, synthesis, properties and applications (particularly in 

Medicine) of polydiorganosiloxanes are described. Then, the main characteristics of the 

adhesives for medical use are given followed by a summary of the main mechanisms of 

adhesion and a description of the main types of surface treatments with particular 

incidence on plasma treatments. Afterwards, the state of the art on the surface 

treatment of polysiloxanes with plasmas and on coating deposition is provided. 

Furthermore, the principles of the design of experiments methodology are given at the 

end of the chapter just before detailing the objectives and methodology in this study. 

 

1.1 - POLYDIORGANOSILOXANE MATERIALS  

This section shows a general overview of the polydiorganosiloxane materials, also named 

as silicones, as they are the polymeric materials used in this research work. Firstly, the 

chemistry and molecular structure of silicones is described, and then the different routes 

for obtaining siloxane macromolecules and crosslinked polymeric materials are explained. 

Afterwards, the main physical and chemical properties of silicones and their relationship 

with the structure are briefly described. Finally, the main applications of these materials 

are summarized. 
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1.1.1 – Structure of the polysiloxanes 

Siloxane polymers, strictly named polydiorganosiloxanes or polysiloxanes, are synthetic 

materials which polymeric structure is based on silicon and oxygen atoms [1]. Two 

electrons of the silicon are shared with two electrons of two different neighbour oxygen; 

the remaining two electrons of silicon are bonded to organic groups, which in the case of 

polydimethylsiloxane are methyl groups, resulting in a silica-like structure in which two 

oxygen atoms of every silicon unit are replaced changing the structure from a three-

dimensional network to almost linear (Figure 1.1). 

 

 

Figure 1.1 - Chemical structure of polydimethylsiloxane (PDMS) [2] 

 

The silicon–oxygen (siloxane) backbone makes PDMS material chemically different to that 

of the carbon-carbon polymeric materials. Each silicon atom, like carbon that is placed in 

the same column of the Periodic Table, has a valence of four, but due to its higher atomic 

radius double silicon-silicon bonds between adjacent atoms cannot be formed, showing 

always a tetrahedral sp3 conformation. Moreover, due to the lower electronegativity of 

the silicon with respect to carbon, the Si-C and Si-O bonds are less covalent than C-C and 

C-O bonds, having more polar nature. On the other hand, the bond energy of the Si-Si 

bond is 106.0 kcal/mol [3], which is much higher than for C-C bond (84.9 kcal/mol). The 

higher binding energy of Si-Si bond is due, in part, to the additional interaction between 

“nonbonding” pair of electrons of the sp  orbitals of the oxygen and the “vacant” d  

orbitals of silicon atom. These particular characteristics of the chemical bonds in the 

polysiloxanes, together with the larger size of the silicon atom with respect to carbon, 

may account, in part, for the great freedom of motion and superior flexibility, as well as 

superior stability of the –Si-O-Si- bonds with respect to the –C-O-C- bonds.  
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The general structure of the polysiloxanes can be represented as [R2SiO]n where “n” is the 

number of times that the structure [R2SiO] is repeated, and “n” determines the molecular 

weight of the polymer. The two “R” groups correspond to two pendant groups extending 

from the silicon atoms along the polymer chain. Although methyl is the most common 

pendant group in polydiorganosiloxane, other pendant groups can be attached to the 

silicon-oxygen backbone, such as ethyl, propyl, phenyl, or a combination of thereof, and 

these pendant groups determine the properties [4]. As an example, Table I-I shows the 

change in the glass transition temperature values of polysiloxanes as a function of the 

nature of the pendant groups. 

 

Table I-I. Influence of the nature of the pendant groups of polydiorganosiloxanes on their glass transition 

temperature values [4]  

R1 R1 Tg (ºC) 

-CH3 -H -138 

-CH3 -CH3 -125 

-CH3 -C5H6 -90 to -75 

-CH3 -CH2CH3 -135 

-CH3 -CH2CH2CH3 -120 

-CH3 -CH2CH2CF3 -70 

-C5H6 -C5H6 50 to 100 

 

When polydiorganosiloxane polymeric chains are linear, but there are no connections 

between the chains, the material shows fluid behavior, and it is called silicone paste or 

silicone gel. Most of the silicone fluids are dimethylpolysiloxanes (PDMS) and 

methylphenylpolysiloxanes or copolymers of thereof, and their properties depend mainly 

on their molecular weight (i.e. the length of the polymeric chain). Due to their high flash 

point and controlled viscosity, as well as their high stability against temperature and low 

solubility on most of solvents, they are commonly used as lubricants, dielectric fluids in 

electrical applications, hydraulic and dash pot damping fluids or additives to reduce 

surface tension. However, when the polymer chains are connected to another by covalent 
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bonds (i.e. cross-linked) into a three-dimensional structure, the material is a solid polymer 

with huge elastomeric properties, and it is usually named as silicone rubber. There are 

different mechanisms of cross-linking for obtaining silicone rubbers, and this process is 

commonly known as vulcanization or curing process. These mechanisms are explained 

briefly in the next section. 

 

1.1.2 – Synthesis of polysiloxanes 

Polydiorganosiloxanes are obtained by polycondensation reaction of 

dymethyldihydroxisilane monomers, obtained by reacting silicon and methychloride 

(Müller-Rochow direct synthesis) followed by hydrolysis (Figure 1.2).  

 

  

Figure 1.2 - Synthesis route for obtaining dimethylsiloxane monomer from silicon and methylchloride 

(Müller-Rochow direct synthesis). 

 
The polycondensation of dimethylsiloxane monomers takes place in presence of an acid 

catalyst (Figure 1.3.) Reaction is finishing by adding chain stoppers (trimethylsiloxane) 

able to react with the terminal methyl groups. On the other hand, the molecular weight 

of PDMS is controlled by changing the monomers ratio. 

 

 

Figure 1.3 - Polycondensation process to obtain PDMS polymer. 
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If all pendant groups are methyl species, the polymer obtained is an unreactive silicone 

fluid. For obtaining diorganosiloxanes different to dimethylsiloxane, the monomer is 

obtained by hydrolysis of the corresponding chlorosilane having the desired pendant 

group. However, if the reactive groups are introduced by modification of the chlorinated 

silanes, the polysiloxane chains are capable of producing cross-linking rending silicone 

rubber elastomers. The extent of the cross-linking density in the cured material depends 

on the functionality and concentration of the reactive groups in the curing agent. 

Generally, the reactive polymer is supplied as one or two components in liquid or paste 

form.  

The cross-linking (vulcanization) of the diorganosiloxanes can be achieved by different 

reactions at room temperature (RTV-rubber) or high temperature (HTV-rubber). 

Moreover, the curing systems at room temperature can be provided in one-or two-

component systems, differing in their cure chemistries [5]. The different curing systems 

for obtaining vulcanized silicone rubbers are explained briefly below.  

 

1.1.2.1 – Room Temperature Vulcanization, One component – (RTV-1) 

One-component silicone rubbers contain hydrolysable functional groups in the polymeric 

chain (usually at the chain ends) providing sites for the formation of Si-O-Si network. The 

cross-linking is produced by reaction with the moisture of the environment (Figure 1.4).  
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Figure 1.4 – Crosslinking route of one component RTV silicone rubbers. 

 

Vulcanization of diorganosiloxane polymeric chains is produced by reaction with a 

modified silane (Figure 1.5). The –X reactive groups may have different nature, the most 

common groups are acetate, ethoxi, amine or oxime groups, giving acetic acid, ethanol, 

ammonia or ketoxime byproducts, respectively. The nature of the reactive group in the 

one-component curable silicone affects strongly to the final properties of the cross-linked 

elastomer, such as hardness, modulus, curing rate, pot life or adhesion properties. 

Acetate-based silicones are the most commonly used as sealants, adhesives and coatings 

due to their high adhesion to most of the substrates; however, because of the acid nature 

of the release products (mainly acetic acid) they are not suitable for joining materials in 

which corrosion is an issue. On the other hand, acetamide cure chemistry produces cured 

silicones with very low modulus and high flexibility, being most suitable for sealing joints 

submitted to vibration and cyclic stresses. 
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Figure 1.5 – Reaction scheme for the vulcanization of one-component silicone rubbers. 

 

Since the curing reaction in one-component silicone rubbers is produced by exposure to 

the atmospheric moisture and liberation of hydrolysis products takes place, the 

vulcanization process starts with the formation of a skin at the surface of the material and 

continues gradually towards the bulk; thus, the water molecules must diffuse across the 

cross-linked rubber to react with unreacted polysiloxane of the bulk, and the hydrolysis 

products must diffuse to the surface for releasing. Diffusion rate depends on the type of 

reactive groups and the degree of cross-linking. Moreover, one-component curable 

silicones must be packaged very accurately under dry and/or vacuum conditions, to 

prevent premature cross-linking. 

  

1.1.2.2 – Room Temperature Vulcanization, Two components – (RTV-2) 

Two-component room temperature (RTV) silicone rubbers consist in a base of 

diorganosiloxane with reactive end groups and they need to be mixed with a curing or 

cross-linking agent for curing. The nature of the reactive groups and the mechanisms of 

cross-linking allow two types of two-component RTV rubbers to be distinguished, i.e. 

condensation and addition curing silicones. Schemes of these two cross-linking 

mechanisms are shown in Figures 1.6a and 1.6b respectively.  

X – Si – R  

X

X

HO – Si – O – H     +    2 

CH3

CH3
n

R – Si – O  – Si – O – Si – R       +     2 HX

CH3

CH3

X

X

X

X
n



Chapter 1. Introduction                                                                              José A. Jofre PhD Thesis 
 

18 
 

 

Figure 1.6a – Cross-linking by condensation of two-component RTV silicone rubbers.  

 

 

Figure 1.6b – Cross-linking by addition of two-component RTV silicone rubbers.  

Since two-component RTV systems don’t require the presence of moisture, their ability to 

cross-link does not depend on the thickness of the material. However, the amounts of 

monomer and curing agent must be accurately controlled for maintaining the 

stoichiometry and an adequate blending should be carried out. 

The condensation curing system (Figure 1.6a) consists on a silanol terminated polymeric 

chain which has to be mixed with a cross-linking agent containing silicic acid esters and a 
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system allows produce mixtures with different monomer–crosslinker ratios. The curing 

rate and the final properties of the silicone depend on the mixture ratio, as well as on the 

functionality, concentration and chemical structure of the cross-linking agent. 

Furthermore, the curing rate depends also on the type of catalyst and the presence of 

water, but it is largely independent of the temperature. As in the case of the one-

component system, this kind of silicone rubber undergoes some shrinkage during curing 

due to the release of byproducts. On the other hand, a primer should be used when good 

adhesion to non-silicone materials is desired. 

The addition curing system (Figure 1.6b) consists in a vinyl-terminated 

polydiorganosiloxane and the catalyst, which is usually a salt or complex of platinum, 

although palladium or rhodium compounds can be used too. The cross-linking agent is a 

hydrogenated polydiorganosiloxane in which some Si-H groups are capable to react with 

the double C=C bond of the vinyl group in the monomer. Each monomer needs its own 

specific curing agent, and they must be mixed in the right ratio. This vulcanized silicone 

rubber shows homogeneous properties and the curing rate depends strongly on the 

temperature, so the pot life can be controlled by changing the temperature but not by 

changing the components ratio. Since there are no release products, no shrinkage is 

produced during the curing process and these materials can afford corrosion. Despite the 

adhesion properties of these silicone materials to a wide range of materials is satisfactory, 

they are susceptible to surface contaminants and therefore the application of surface 

treatments and/or primers before joint formation is recommended. 

 

1.1.2.3 – High Temperature Vulcanization – (HTV) 

This kind of silicone rubber needs high temperature to achieve cross-linking. The 

vulcanization of these silicones is produced by free radical polymerization mechanism. 

Different organic peroxides are used as free-radical generators, and heating or radiation 

should be applied. Generally, vinyls are the reactive pendant groups, and their double 

C=C bonds are activated by RO· free radical reacting with the methyl group of an adjacent 

chain and forming a trimethylene bridge (Figure 1.7). 
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Figure 1.7 – Cross-linking of high temperature vulcanizing silicone rubber using peroxide as initiator. 

 
This type of silicone rubber can be produced by using different processing techniques, 

such as compression, extrusion, transfer or injection molding.  

 

1.1.3 – Properties of polysiloxanes 

The particular chemical structure of the polydiorganosiloxanes or silicones allows showing 

characteristics of both organic and inorganic materials. Specifically, due to the high bond 

energy of the Si-O bond, high heat resistance and chemical stability, and good electrical 

insulation are expected. Moreover, the non-polar nature of the common organic 

substituents in the silicones, mainly methylene pendant groups, results in very low 

intermolecular forces facilitating internal mobility and reorientation; furthermore, no 

steric hindrance of the methyl group facilitates the creation of coiled structures in which 

the methyl groups are located outside of the structure and can rotate freely (Figure 1.8). 

These characteristics justify the distinctive low modulus and high hydrophobicity of the 

silicones [6]. 
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Figure 1.8 – Scheme of the methyl pendant groups of PDMS aligned outside of the interface [6].  

 
The most characteristic properties of the silicone rubbers and their relationship with the 

polymer structure (i.e. structure – properties relationship) are briefly described below.  

 
1.1.3.1 – Thermal properties 

Silicone materials can withstand high and low temperatures far better than other 

polymeric materials. Silicone rubber can be subjected up to 200ºC with almost no change 

in properties, and some polysiloxanes containing phenyl groups can withstand 350ºC for 

short periods of time without undergoes damage in their structure.  

On the other hand, silicone rubber also has excellent resistance to extreme low 

temperatures due to its low glass transition temperature, maintaining its properties at 

temperatures at which other organic rubbers turn brittle.  

The thermal conductivity of silicone rubbers is around 0.15 - 0.2 W/m ·K, which is lower 

than for most of the common polymers. That property together with their resistance to 

extreme temperatures makes silicones adequate for thermal insulation.  

Besides, when silicone materials are brought close to a flame, they don’t ignite easily and, 

even when they burn, almost no black smoke nor noxious gases are produced during 

combustion because the absence of organic compounds. Thus, silicone shows good flame 

retardant properties, making them safer for construction of electric devices and 

consumer electronic goods. 
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1.1.3.2 – Mechanical and rheological properties 

In general, due to the free motion of the polymeric chains and the low glass transition 

temperature value, silicones shows a very high flexibility and low modulus (between 0.3 

and 0.8 MPa), although these properties depend on the length of the polymeric chains 

and the cross-linking degree. Elongation at break of silicones can reach values higher than 

1000%, showing high toughness and resilience, and very good compression resistance in a 

wide range of temperature (typically -60ºC to 250ºC). The high stability of the mechanical 

and rheological properties along temperature is one of the most important properties of 

the silicones, which viscosity is almost independent of the temperature. Figure 1.9 shows 

the creep values of different polymeric rubbers; silicone rubbers exhibit low creep value 

at 100ºC, being more stable even than the fluorinated rubbers.  

 

 

Figure 1.9 – Creep of different rubbers at 100ºC [6]. 

 

The stability of the mechanical properties of the silicone rubber with the temperature can 

be observed in Figure 1.10.  On the other hand, silicone rubber shows higher tear 

strength than other rubbers, mainly at high temperature, and it has good strength against 

dynamic stresses too, i.e. good fatigue resistance, reaching values up to 10 times higher 

than for other rubbers. 
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         (a)                                                                                     (b) 

Figure 1.10 – Change in the mechanical properties of different rubbers with the temperature. (a) Tear 

strength. (b) Tensile strength [6]. 

 

1.1.3.3 – Electrical properties 

Silicone rubbers have high insulation resistance (between 1 and 100 T ·m) and their 

insulating properties are not only stable over a wide range of temperature but also across 

a wide range of frequency, even when soaked in water, making them ideal insulating 

materials (Figure 1.11). They have particularly better resistance to corona discharge and 

arcing at high voltages than other polymers and elastomers (Table I-II). 

 

1.1.3.4 – Chemical properties 

Silicone rubbers have excellent resistance to solvents and other chemicals. They are 

unaffected by polar organic solvents (aniline, alcohol, etc) or dilute acids or bases, with a 

swelling of 10-15% only. Silicone rubbers do swell in non-polar organic solvents such as 

benzene, toluene and gasoline, but unlike most organic rubbers, they don’t decompose or 

dissolve, and return to their former state when the solvent is removed. Furthermore, 

nitrile and chloroprene rubbers have somewhat higher resistance to oils at temperature 

below 100ºC than silicone rubber, but it is higher for silicone rubber at higher 

temperature. 
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Figure 1.11 – Change in the mechanical properties of different rubbers with the temperature [6]. 

 

Table I-II – Comparison of the resistance to electrical damage of silicone rubber and other polymeric 

materials [6] 

Material 
Arc resistance 

(sec) 
Corona resistance at 

3 kV (hours) 
Tracking resistance 

(Erosion depth - mm) 

Silicone rubber 180 0.0064 35600 

Butyl rubber 72 0.342 - 

Chloroprene rubber 8.5 0.18 - 

EPM rubber - 0.24 - 

Polyethylene - 0.46 24 

PET - - 50 

PTFE 175 - 34 

Epoxy 184 - 66 

Polyester 134 - 22 
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Silicone rubber can be immersed in cold, warm or boiling water for long periods of time 

showing water absorption of about 1% without virtually no effect on mechanical strength 

or electrical properties. Typically, under ordinary pressure, steam causes almost no 

deterioration of silicone rubbers, but under high pressure of steam above 15ºC silicones 

deteriorate due to the breakdown of siloxane polymeric chains. 

Moreover, silicone rubbers are chemically inert (when they are completely cured) and 

they don’t produce corrosion. Silicone rubbers are inert from the physiological viewpoint 

as well, and living tissues are affected by contact with them to a lesser extent than other 

polymers, making them suitable for medical and pharmaceutical applications. 

 
1.1.3.5 – Optical properties 

If silicone rubbers don’t contain pigments or additives, they exhibit a high transparency 

due to their amorphous structure which doesn’t produce light dispersion, in contrast with 

most of the semi-crystalline polymeric materials in which the presence of spherulites with 

different sizes produce loss of transparency.  

 

1.1.3.6 – Permeability 

Compared with other rubbers or plastic films, thin films of silicone rubber have better gas 

and vapor permeability (Tables I-III and I-IV), and in some case they show even selectivity 

being an interesting material for microfluidics and separation membrane systems. 
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Table I-III – Water vapor permeability of silicone rubber and other polymers [6]. 

Polymer 
Water vapor permeability 

(10-7·sec-1·cm-2·mmHg) 

Silicone rubber 16 – 52 

PVS 0.04 – 40 

Ethylcellulose 21.5 

Polyethylene 0.05 – 5 

PTFE 3.0 

Polycarbonate 1.0 

Nylon 0.3 – 0.6 

 

Table I-IV – Gas permeability of silicone rubber and other polymeric materials to different gases, taking 

natural rubber as reference [6]. 

Polymer 
Gas permeability (10-8·sec-1·cm-2·atm) 

H2 O2 N2 CO2 

Natural rubber 100 100 100 100 

Silicone rubber 1070 2200 3300 1600 

Butyl rubber 15 56 5 4 

Polybutadiene 86 82 80 105 

Nitrile (20% PAN) 51 35 31 48 

Nitrile (20% PAN) 32 17 13 24 

Nitrile (20% PAN) 24 10 8 14 

PTFE 46 44 43 19 

Polyethylene 15 11 9 8 

Polypropylene 23 7 9 4 

PVC 6 2 2 1 

 

 
1.1.4 – Applications of polysiloxanes 

Due to the wide range of unique properties, polysiloxane polymers are intended for many 

applications in which an adequate performance cannot be reached by any other rubber or 

polymeric material. Heat resistance, inertness and low surface energy are some of the 

most interesting properties in silicones [7]. 
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Because of its good flow characteristics, silicone rubber can be easily processed by casting 

or extrusion to obtain transparent tubing for food industry and medical applications, 

cable insulation for application at high temperature, and sealing materials for flat irons. 

Silicone sealants have found widespread uses in cars, rotary-shaft seals, oil-pump gaskets, 

domestic appliances, cookers, refrigerators, coffee percolators and medical devices. In 

the electrical industry the high insulating power of silicones is exploited in a variety of 

applications like wires, insulation of electrical motors and seals for electrical devices such 

as tubular heating elements. 

The high hydrophobicity and water repellency of silicones allows their use as release 

surfaces for tacky substances. Thus, they are used in the plastic-industry to obtain molds 

for making replicas of objects made with epoxy resins, polyester resins and polyurethane 

foams (in which silicones are also used as stabilizers to obtain regular foam structure). 

Another related application of the silicones is in the release papers for labels and 

industrial coatings. 

Although the applications of silicones are varied, they depend on the type of curing and 

compounding. Silicones cured with peroxide initiators at high temperature have found 

markets in several household, commercial and industrial products such as nipples for 

infant bottles, insulation for electrical wires and cables, temperature- and oil-resistant 

materials in automobile and aircraft engines, and tubing for industrial and medical use 

including catheters, vascular prostheses, and implants. 

Condensation-cured silicones are widely used as sealants in the building industry, mainly 

one-component ones. They are also used as adhesives in aerospace, marine and building 

applications for in-situ gasket formation and for the sealing of electrical components, and 

in numerous high-temperature applications including microwave ovens. On the other 

hand, protective coatings for electrical circuitry have becoming a growing application for 

condensation-cured silicone elastomers.  

The major uses of addition-cured silicone elastomers are in the electronics industry for 

the potting and encapsulation of circuitry, in the automotive industry as flexible bonding 

agents, and in relieving stresses between the inner and outer layers of windshields. 
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Unfilled addition-cured silicone elastomers are also used in applications in which high 

optical clearness is needed. 

 

1.2  - PDMS AS BIOMATERIAL FOR MEDICAL APPLICATIONS 

Silicones are widely used in medical devices and pharmaceutical applications because of 

their biocompatibility. Biocompatibility is defined as “the ability of a material to perform 

with an appropriate host response in a specific situation” *8]. The impact of the 

biomaterial on its host environment is assessed according standards aligned with the 

performance requirements for the intended applications; overall, medical grade silicones, 

and in particular PDMS-based silicones, satisfy the criteria of these standards, including 

non-irritating and non-sensitizing effects, explaining their wide use in personal care and 

skin topical applications. A long history in medical devices, including long term implants, 

has made silicones widely recognized as biocompatible; moreover, PDMS-based 

elastomers have demonstrated also good biodurability, which is another key issue for a 

biomaterial. Although there are silicones with side-chain groups different than methyl 

that are susceptible to be used as biomaterials, polydimethylsiloxanes are the preferred 

materials due to their well-established properties. 

Linking physicochemical properties to biocompatibility, various factors are involved to 

explain the successful use of PDMS-based materials in medical devices or pharmaceutical 

applications. Due to its flexibility PDMS material can preferably expose its low interacting 

methyl group to the interface, leading to low surface energy and low intermolecular 

interactions, resulting in low interactions at the surface. Therefore, PDMS materials are 

among the most biocompatible polymers [9]. Besides, their composition is well-

established, and PDMS materials don’t require stabilizers because of their intrinsic 

stability, and in the case of elastomeric PDMS there do not need plasticizers due to their 

low glass transition temperature value. Impurities in PDMS are mainly catalyst traces, 

which are easy to eliminate. 

Apart from their prevailing biocompatibility, other properties contribute to the use of 

silicones in medical and pharmaceutical applications. Their low surface tension in liquid 
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form let PDMS spread easily to form films over skin. The low surface energy of PDMS 

imparts low adhesion that is beneficial for some applications such as construction of 

catheters and for preventing biofouling too. Due to the viscoelastic behavior of partially 

cross-linked silicone elastomers and gels, they have pressure sensitive properties. Their 

soft, rubbery behavior makes silicones very appropriate materials for contacting 

biological tissues by minimizing the risk of trauma at the interface (e.g. low skin stripping 

force, gentle removability, poor adhesion to wound bed). This allows their use in 

transdermal drug delivery systems and wound management applications to secure 

patches or dressings to the skin with minimum impact in the contacting area.  

On the other hand, because of their high permeability, silicones allow the diffusion of 

many substances such as gases (oxygen, carbon dioxide, water vapor, etc) and active 

substances (i.e. plant extracts, drugs or proteins). For this reason they are used in 

personal care, skin topical applications or wound dressings (non-occlusive properties, no 

maceration) [10], as well as they are used as adhesives or elastomers in controlled drug 

delivery systems [11]. Finally, silicones are easy to sterilize by aggressive methods due to 

their high stability. Figure 1.12 shows some medical devices based on PDMS and Table I-V 

shows an overview of the main properties of PDMS-based materials related to their main 

applications in medicine. 

 
 

   
(a) (b) (c) 

 

Figure 1.12 – Some medical devices made with PDMS-based materials. (a) Wound dressing, (b) flexible 

catheter and (c) drug delivery patch [12 – 14] 
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Table I-V – Correlations between silicone materials, performance and medical applications [7]. 

Silicone materials 
Key physical characteristics and 
performance 

Medical and pharmaceutical 
applications 

PDMS fluids 

 Spread ability, film forming 
 Diluent, dispersing property 
 Controlled occlusiveness 
 Hydrophobicity 
 Lubricant 
 Emulsifying  

 Silicone covering of 
needles and syringes 

 Medical device lubrication 
 Excipients for topical 

formulations 
 Skin protecting 

composition 
 Drug carrier 

Low cross-linked 
PDMS and gels 

 Softness 
 Resilience 
 Tackiness 
 Transparency 
 Adjustable cure conditions 
 Foamable 

 Cushioning material 
 Soft adhesive for skin 
 Non-adherent wound 

dressing 
 Soft matrix for drug 

release 

High cross-linked 
and elastomeric 
PDMS 

 Rubbery property 
 Mechanical resistance 
 Adjustable modulus 
 Adjustable cure conditions 
 Adjustable cross-linking 
 Foamable 
 In-situ film-forming 

 Soft and resilient material 
for medical device 

 Biocompatibility for 
human implantation 

 Medical adhesive and 
sealant 

 Film-former 

PDMS-based 
pressure sensitive 
adhesive (PSA) 

 Tackiness 
 Adhesion to skin and various 

substrates 
 Substantive film-forming 

 Temporary fixation of 
devices on skin 

 Film-former 
 Transdermal drug delivery 

system 

 

 

1.3  - ADHESIVES FOR MEDICAL APPLICATIONS 

Currently, the use of adhesives in medical applications is a fast growing alternative to 

other traditional closing procedures (suture, staples, etc).  

One of the most important adhesives used for tissue bonding and wound closure are the 

alkyl-2-cyanoacrylates [15]. They polymerize at room temperature in contact with a small 

amount of water or basic fluid to form polymers, poly(alkyl-2-cyanoacrylates). They form 

strong adhesive bonds with a variety of substrates, such as wood, metal, hard tissue 

(bone, enamel, etc) and soft tissue (skin, vascular tissue, etc) [16].  
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Other types of adhesives for medical use are polyurethanes. They are mainly used for the 

assembly of disposable and non-disposable health care devices, surgical tools and medical 

equipment, for construction of medical devices and as medical adhesive, due to their 

adjustable mechanical properties, biocompatibility and hemocompatibility [17].  

In implants, adhesives for dentistry and bone restoration have special relevance, because 

they don’t have to be only biocompatible but they should not be biodegradable since 

they have accomplished their function for long term. Moreover, mechanical properties 

must be appropriate to resist the stresses to which they are subjected in hard tissues 

(bones and teeth). Polymeric composites based on photocurable acrylic resins containing 

calcium fluoro-aluminosilicate and/or metal powders for dental implants and 

reconstruction [18] and reinforced PMMA-based resins for orthopedic implants are used.  

Pressure sensitive adhesives (PSAs) are the most commonly used in health care. These 

adhesives can be joined to a substrate by application of pressure, without need of heat, 

solvents or chemicals, and the strength of the adhesive joint depends on the pressure 

applied. In medical applications, their function is to ensure instantaneous adhesion upon 

application of light pressure and to maintain the adhesion for the duration of the 

complete clinical treatment. Quite often PSAs are joined to skin in wound dressings, drug 

delivery devices, orthopedic prostheses fixation or wound closure. In these applications 

PSAs provide good protection against microbial invasion, control perspiration for 

temperature regulation, limits transpiration for moisture and sensory information [19]. 

On the other hand, the adhesion strength reached by the adhesive to the skin must be 

optimal; insufficient adhesion could produce the premature detachment of the medical 

device and, in case of wound dressing, it could lead to exudate leakage and thus 

maceration of the peri-wound skin, rendering the tissue even more prone to trauma and 

resulting in enlargement of the wound [20]. If, on the other hand, adhesion strength is 

too high, tissue damage may be caused when the adhesive tape or dressing is removed, 

increasing the size of the wounds, exacerbating wound pain and delaying healing [21].  

Thus, and ideal PSA for medical applications should retain the medical device fixed 

securely in place for the duration of an appropriate time, but leading removal without 

causing trauma to the skin, be safe (i.e. non-irritant, non-sensitizing) and leave no 
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residues on the skin [22]. However, the ideal adhesive doesn’t exist because adhesion 

properties of skin are highly variable with gender, age, ethnicity, location on the body and 

ambient conditions.  

Pressure sensitive adhesives for medical applications usually are classified as a function of 

the nature of the base polymer and their properties depend strongly on the base 

polymer. Despite medical PSAs can be based on acrylics, natural or synthetic rubber, 

silicone, polyurethane, polyether, polyester and ethylene vinyl-acetate copolymer, the 

most common PSAs for medical applications are based on acrylics, rubbers and silicones. 

A comparison of their main characteristics is shown in Table I-VI. 

Rubber-based PSA adhesives contain natural or synthetic rubber, resins, oils and 

antioxidants. However, natural rubbers can produce allergy and they are expensive and 

susceptible to degradation because their unsaturated C=C bonds in the backbone, and 

they usually contain fillers and antioxidants which could reduce their biocompatibility. On 

the other hand, the synthetic rubbers show very good cost-performance relationship, but 

they have low long-term aging stability and they contain organic solvents such as hexane 

or toluene which could produce irritation to the skin. Moreover, their cohesion is 

sometimes low and it results frequently in movement of the adhesive on the skin and in 

leaving residues on the surface when it is removed. 

Silicone-based PSAs are made by blending two silicone materials with different degree of 

cross-linking, a high cross-linked silicone elastomer which imparts cohesion to the 

adhesive, and a low cross-linked silicone gel acting as tackifier. Adhesion and 

performance of the adhesive depend on the ratio of the two silicone materials with 

different degree of cross-linking. These adhesives have excellent stability at temperature 

higher than 300ºC, good flexibility over a wide temperature range, excellent stability, 

good biocompatibility and adequate permeability, as well as they show good adhesion to 

low energy surfaces. In spite of all these superb properties, silicone-based PSAs are much 

more expensive than other pressure-sensitive adhesives, and they have poor initial tack. 
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Table I-VI – Typical performance of pressure sensitive adhesives formulations [23]. 

PROPERTY ACRYLIC RUBBER SILICONE 

Tack Low to high High Low 

Adhesive strength Medium to high Medium to high Low to medium 

Cohesion Low to high Medium to high High 

Flexibility Medium to high High High 

Adhesion to low 
energy surfaces 

Low to medium Medium to high High 

UV resistance High Low High 

Solvent/chemical 
resistance 

Medium to high Medium to high High 

Plasticizer 
resistance 

Medium Low High 

Humidity 
resistance 

High High High 

Temperature range -40 to 160ºC -40 to 70ºC -50 to 260ºC 

Colour Clear Yellow to brownish Clear 

Cost Medium Low High 

 

Acrylic-based pressure-sensitive adhesives are made from long alkyl esters of acrylic acid; 

the composition of acrylic polymers is a combination of soft (low glass transition 

temperature), hard (high glass transition temperature) and functional monomers.  The 

monomers composition and the molecular weight of the polymer determine most of the 

adhesive’s properties. Since acrylic polymers are inherently pressure-sensitive, acrylic-

based PSAs do not need tackifiers, and the content of acrylic monomers with low 

molecular weight can be increased to provide good initial adhesion (Figure 1.13). Because 

acrylic PSA’s can be free of additives, they are less irritating to skin and often preferred 

for medical applications.  
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Figure 1.13 – Copolymerization reaction in the synthesis of PSA copolymers catalyzed by benzoyl peroxide 

(BPO) [24]. 

 

The most common monomers in acrylic PSAs with good adhesion properties are shown in 

Figure 1.14 - the most common are butyl acrylate and 2-ethylhexyl acrylate. Because the 

different monomers have different glass transition temperature values, it’s possible to 

balance the adhesion-cohesion properties of the PSA by changing the content of the 

monomers and their molecular weight.  

 

 

Figure 1.14 – Most common monomers in acrylic PSAs [23]. 

 

Different compounds including multifunctional isocyanates, multifunctional 

ethyleneimines and epoxy resins can be used for the cross-linking of acrylic PSAs for 

increasing heat resistance, ageing properties and resistance against moisture (Figure 1.15) 

[25]. 
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Figure 1.15 – Cross-linking of acrylic copolymers with trifunctional ethyleneimine [24]. 

 

Typically, the acrylic adhesive dissolved in organic solvents or in latex dispersions is 

applied onto the surface of a carrier and later the solvent is removed by drying rending 

the PSA film. Cross-linkers are usually added during the application of the solution on the 

carrier.   

Acrylic PSAs offer excellent aging characteristics and resistance to elevated temperature 

and plasticizers, exceptional optical clarity and they are non-yellowing. They also show a 

good balance between adhesion and cohesion, excellent water resistance, and sufficient 

adhesion to high surface energy materials. On the other hand, acrylic PSAs have less tack 

and slower built-up peel strength than rubber PSAs. 

Acrylic PSAs are commonly used in wound dressings since they provide a secure 

anchorage. Acrylics are also used to fix hydrocolloid and island dressings, as well as in 

polyurethane dressings. Acrylic-based dressings do not interact with the wound bed as 

they form a gel that can aid removal. They are the most suitable PSAs for anchoring 

devices under mechanical stresses such as surgical tapes or corrective prosthesis. 

 

1.4  - ADHESIVE JOINTS 

There are numerous different methods of joining materials including welding, sewing, 

screwing, rivets, etc; however, the joining of materials with adhesives has undergone 

noticeable development in recent years because of their advantages as compared to 

other bonding techniques [26]: 
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 Joining of materials of different nature. 

 Homogeneous stress distribution. 

 Good resistance to corrosion. 

 Versatility in the design and joining of new materials. 

However, the joining of materials with adhesives has also some limitations: 

 The joining process must be tuned up and planned carefully. 

 In most of cases a surface treatment must be applied to the materials. 

 Quality and control tests are destructive. 

An adhesive is any substance which is applied to the surface of two materials giving 

durable and resistant strength against separation. 

Adhesion is defined as the creation of physical and chemical interactions generated at the 

interface between two different materials; such interactions determine the properties of 

the adhesive joint. Thus, adhesion is a surface phenomenon and in order to improve it, 

the surfaces of the adhesive and the material must be compatibilized. The characteristics 

of the adhesive – substrate interface, as well as the surface properties of both materials 

determine the behavior of the adhesive joint, and the way by which it may fail. 

Depending on the location where the separation of an adhesive joint is produced several 

loci of failure can be produced including adhesion failure, cohesion failure in the 

substrate, cohesion failure in the adhesive or mixed failure (Figure 1.16).  

 

 

Figure 1.16 – Different loci of failure in adhesive joints: (a) adhesion failure; (b) cohesive failure in the 

adhesive; (c) cohesive failure in the substrate; (d) mixed mode failure [27]. 

 

The optimal locus of failure in a joint depends on its application; in the case of adhesive 

tapes for medical applications, the desired locus of failure is adhesion as adhesive 

(a) (b) (c) (d)
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residues should not remain on the skin for avoiding pain and damage of the skin (Figure 

1.17). 

 

  

(a) (b) 

Figure 1.17 – SEM micrograph of medical adhesive tape after removal.(a) Adhesion failure without 

epidermal cells on the surface; (b) cohesive failure in the skin showing a large number of epidermal cells on 

the surface [22]. 

 

1.4.1 – Mechanisms of adhesion 

Adhesion between two materials is produced through different mechanisms (Figure 1.18). 

There is not a unique universal adhesion model valid for all joints as several adhesion 

mechanisms are generalized produced [28,29]. Some of the most important mechanisms 

of adhesion are explained briefly below. 

 

 
Figure 1.18 – Schematic diagrams of the different mechanisms of adhesion [30]. 

Modelo de adhesión 
mecánica

Modelo eléctrico Modelo de adsorción 
termodinámica

Modelo de adsorción 
termodinámica

Modelo de capas de 
débil cohesión

Diffusion theory Weak-boundary
layer theory

Thermodynamics
adsorption theory

Electrostatic theoryMechanical
adhesion theory
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1.4.1.1 – Mechanical adhesion. 

The mechanical mechanism of adhesion ascribed the adhesion improvement to the 

creation of porosity and roughness on the substrate surface. The adhesive should 

produce good contact with the substrate surface, penetrating into the pores and 

roughness on the substrate surface and therefore adhesive viscosity should be adequate. 

On the other hand, the enhancement of roughness increases the surface and number of 

contact points between the adhesive and the substrate.  

1.4.1.2 – Electrostatic adhesion. 

This mechanism explains the adhesion between metallic substrates and adhesives by 

electron transfer mechanisms from the metal to the adhesive equilibrating the Fermi 

levels of both surfaces, creating a double electrical layer at the interface. The electrical 

model was proposed to explain the occurrence of electrical flashes when adhesive-metal 

joints were separated at high pulling rates. 

1.4.1.3 – Diffusion mechanism of adhesion. 

This model explains the self-adhesion produced between polymers of similar nature, and 

it is ascribed to the migration of polymer chains at the interface, increasing their cohesion 

strength. For an optimal diffusion, the polymers must be miscible. The miscibility of the 

polymers can be quantified by the solubility parameter (δ) that depends on the molecular 

interactions between the polymeric chains; the higher is the number of polar groups in 

the polymer, the higher is the solubility parameter. This mechanism explains the self-

adhesion of many plastics by welding by heating or organic solvent application, providing 

sufficient mobility to the polymeric chains to move across the interface to create a solid 

diffused layer. For favouring the diffusion mechanism of adhesion between polymers, the 

difference between their solubility parameters should be lower than 1.8 [31]. 

1.4.1.4 – Thermodynamic adsorption mechanism. 

Thermodynamic adsorption is due to the formation of intermolecular forces at the 

adhesive- substrate interface; these forces are physical or secondary bonds (i.e. Van der 

Waals forces and hydrogen bonds). Despite the low energy of these bonds, their high 

number produces an important global energy favouring adhesion. This mechanism 
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establishes that to reach high adhesion, good wettability of the substrate by the adhesive 

must be produced, so the higher is the wettability the better should be the adhesion. 

1.4.1.5 – Chemical mechanism of adhesion. 

This mechanism considers that adhesion is due to the formation of chemical bonds 

(covalent or ionic) between the adhesive and the substrate. This is produced in joints 

where a reactive adhesive is used, or when primers or organometallic compounds are 

used as coupling agents. 

1.4.1.6 – Acid-base mechanism of adhesion. 

This mechanism establishes that adhesion is produced by acid-base interactions between 

chemicals species with electron-pair acceptor character (i.e. Lewis acid) and chemical 

species with electron-pair donor character (i.e. Lewis base). According to this mechanism, 

the hydrogen-bond interaction is an acid-base system where the oxygen and the 

hydrogen atoms are the acid and base species, respectively. A representative example of 

this adhesion mechanism is the joining of glass to acrylic adhesive. 

1.4.1.7 – Rheological mechanism of adhesion. 

This mechanism considers that the crack growth in the failure of adhesive joints can be 

directed to different regions of the joints depending on the stresses to which both 

substrates and adhesives suffer during the adhesion test. The fracture energy in an 

adhesion test depends both on the surface properties and on the viscoelastic bulk 

properties of the substrates and the adhesive. 

1.4.1.8 – Weak-boundary layer mechanism of adhesion. 

This is one of the most common mechanisms of adhesion in adhesive joints, and it is 

based on the fact that the crack growth in an adhesive joint is not produced at the 

interfacial region, but it is directed to the adhesive or substrate surfaces if there are zones 

with insufficient cohesion (i.e. weak boundary layers) close to the interface. This 

mechanism explains the lack of adhesion in adhesive joints produced by the presence of 

surface contaminants, migration of low molecular weight species from the bulk to the 

surface or the overtreatment of the substrate surface. In pressure-sensitive adhesives for 
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medical use, this mechanism is very important because of the top layer of the skin (i.e. 

stratum corneum) is made of cells that migrated from the epidermis and are being 

sloughed off as the skin renews and replenishes itself (it must be taken in account that 

skin is renovated completely in 30 days). 

 

1.4.2 – Surface treatments 

Because of adhesion is a surface phenomenon, one way to improve it is to enhance the 

affinity between the adhesive and the substrate surface, the application of surface 

treatments to the substrate being one of the strategies that can be used. The most 

adequate surface treatment for a substrate is selected according the adhesion 

mechanism to be enhanced. The application of a surface treatment to one substrate may 

produce some of the following effects [29]: 

 Removal of contamination and substances on the surface of the substrate capable 

to produce weak-boundary layers. 

 Formation of specific chemical groups (polar, acid-base, etc) on the substrate 

surface. 

 Creation of an appropriate surface topography (roughness, porosity, grooves, etc). 

 Cross-linking of polymeric chains on the most external surface layer, creating a 

barrier against migration of low molecular weight species from the bulk. 

 Increase the surface energy and wettability of the substrate.   

In general, the application of a surface treatment causes some damage to the substrates, 

affecting the durability and ageing resistance of the adhesive joints. Therefore, the 

experimental conditions of the surface treatment must be selected carefully for 

preventing over-treatment [32]. Thus, different aspects of the substrate (size and shape, 

nature, composition, physic-chemical properties, stability, etc), of the adhesive (nature, 

formulation, rheology, surface tension, physic-chemical properties, etc), and of the 

joining procedure (joint design, mode of application of the adhesive, equipment for 

producing the joints, etc) should be considered.  
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Some of the most common surface treatments for substrates are described briefly below 

[33]. 

1.4.2.1 – Solvent wiping. 

This surface treatment causes the removal of contaminants and low molecular weight 

species from the surface of the substrate, without producing physical or chemical 

changes; furthermore, weak-boundary layers are removed [34]. The selected organic 

solvents must not react or dissolve the substrate. In medical applications, some safe 

solvents (usually ethanol) are used for removing contaminants on the surfaces of medical 

devices and tissues to be bonded. The most common contaminants on the skin are sweat, 

wax and blood. 

1.4.2.2 – Mechanical treatments. 

Mechanical treatments are applied for modifying the surface topography of the 

substrates, creating fresh surfaces and increasing the surface area of the substrate; 

furthermore, non-adherent substances and contaminants on the substrate surface are 

removed. In general, these treatments enhance the mechanical mechanism of adhesion 

by facilitating the interlocking between the adhesive and the roughness created on the 

substrate surface. Some medical devices are treated by using mechanical methods such 

as titanium-alloys implants or bone. In dentistry the modification of the teeth roughness 

is common for improving the bonding of composites or sealants with dentine; the 

creation of roughness is generally produced by chemical etching using phosphoric acid 

[35,36]. 

1.4.2.3 – Chemical treatments. 

These surface treatments are based on the modification of the surface chemistry of the 

substrate for increasing its surface polarity and surface energy, enhancing the chemical 

mechanism of adhesion. Most of these treatments are performed with oxidant products 

or reactants, and they are widely used for rubber and polyolefin bonding with adhesives. 

In some case, primers can be used. The primers are coupling agents able to react with the 

surface of the substrate and form chemical bond with the adhesive too, acting as a 

chemical bridge between them. The most common primers are silanes, and they have 
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been used successfully for increasing the adhesion of PDMS for medical applications or 

adhesion of teeth in dentistry [37].  

1.4.2.4 – Treatments based on radiations. 

The surface treatments developed in recent years are based on radiations. They consist in 

the application of high energy radiation of different nature for inducing physic-chemical 

changes on the substrate surface. These treatments show several advantages as they are 

fast, valid for any substrate and, because of they don’t contain chemical compounds and 

they don’t produce wastes, they are clean and environmental friendly. Therefore, the 

radiation-based surface treatments are promising particularly for biomaterials as they 

don’t reduce their biocompatibility and even they can induce sterilization. 

The most common sources used in the surface treatments based on radiations are 

ultraviolet (UV) light, atmospheric and low pressure plasmas, and corona discharge. In 

general, these surface treatments may produce different surface modifications in the 

substrates for enhancing particular adhesion mechanisms, including  

- Removal of contaminants and low molecular weight species. 

- Formation of polar chemical groups on the surface increasing the surface energy. 

- Etching of the surface modifying the substrate topography and creating 

roughness. 

- Cross-linking of polymeric surfaces. 

 

1.5  - SURFACE TREATMENTS BY PLASMAS 

This section is devoted to the use of surface treatments with plasmas in medicine and 

biomaterials modifications. The concept of plasma will be explained providing an 

overview on the fundamentals of the plasmas and some basic aspects of the plasma 

physics. Afterwards, the types of plasmas and plasma reactors most commonly used for 

surface treatment of materials will be considered, and finally the effects on the surfaces 

achieved by plasma treatment will be described. The surface modifications of substrates 
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treated with plasmas, the use of plasmas for coating deposition on substrates, and the 

use of the surface treatments with plasmas in biomedical applications will be described. 

 

1.5.1 – Fundamentals of plasma 

“Plasma” is commonly known as the fourth state of the matter, apart from the solid, 

liquid and gaseous state, taking into consideration the energy of the particles involved 

(Figure 1.19). Irving Langmuir in 1928 used by first time the word “plasma” to denote 

ionized gases containing balanced charges of ions and electrons, considering these 

species as sub-atomic particles [38]. 

 

 

Figure 1.19 - Energetic order and particle distribution of different states of the matter [39]. 

 

Fully ionized plasmas comprise more than 99% of the known matter in the Universe, 

including particle densities from 106 m-3 in interstellar space to 1020 m-3 in the solar 

atmosphere, with energies in the range of 1 to 100 eV [40]. However, terrestrial plasmas 

are much less frequent and they are limited to a few phenomenon such as aurora borealis 

in the polar regions, the flash of lightning bolt, the conducting gas inside a fluorescent 

tube, and the small amount of ionization in a flame of a welding torch, apart from the 

nuclear fusion. The reason for the uncommon presence of plasmas in the Earth can be 

explained by Saha’s equation – equation (1.1) -, which describes the amount of ionization 

to be expected in a gas in thermal equilibrium: 

 

                                         (1.1) 
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where ni and nn are the density of ions and neutral atoms respectively, T is the 

temperature, k is the Boltzmann constant, and Ui is the ionization energy of the gas. 

According to equation (1.1), for dry air at room temperature the fractional ionization is 

negligibly low (ni/nn ≈ 10-122); however, as the temperature increases, the Ui value 

becomes only a few times kT and the degree of ionization of the gas rises abruptly going 

into the plasma state [41]. There is always some small degree of ionization in a gas, and 

depending on the density of the particles, the temperature and the degree of ionization, 

the plasmas are classified in different types (Figure 1.20). 

 

 

Figure 1.20 - Classification of plasmas as a function of their electron density and temperature. The Debye 

length D characterizes the interaction distance between charges [41]. 

 

The plasma contains a multitude of different neutral and charged particles with different 

masses, as well as ultraviolet (UV) and vacuum ultraviolet (VUV) radiation. The electrons 

and the heavy particles (neutrals and ions) can be approximately considered as three 

subsystems from the thermal viewpoint, where each one is in its own thermal 

equilibrium. Therefore, the plasma can be characterized by three temperatures, the 

electron (Te), the ion (Ti) and the neutral gas temperature (Tn). Thermodynamic 
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equilibrium in the plasma will be produced if the temperatures of the three subsystems 

are similar. The essential mechanisms in the plasma are excitation and relaxations, 

dissociation, ionization and recombination. To maintain a steady state in the plasma 

density, the recombination of particles must be balanced by an ionization process, i.e. an 

external energy source is required.  

An electric field is used commonly as energy source for dissociating the neutral particles 

[42]. Since the mass of the electrons is much smaller than for the other particles in the 

plasma, the electric field imparts energy primarily to the electrons, and the energy is 

transferred to neutral particles and ions by collisions. Therefore, the frequency of the 

power source is an important parameter influencing the plasma composition. Figure 1.21 

shows the electron and ion frequencies in cold plasmas [43]. 

 

 

Figure 1.21 - Electrons and ions frequencies in cold plasmas [43]. 

 
At low pressures, where the collision rate and therefore the energy transfer from 

electrons to neutrals is reduced, the electron temperature is much higher than for the 

ions and neutrals; thus, local thermodynamic equilibrium conditions are not achieved. 

These plasmas are called non-equilibrium plasmas or cold plasmas because the ions and 

gas temperatures are near room temperature, whereas the electrons can reach energies 

from 1 to 10 eV. If the pressure of the gas increases, the temperatures of the electrons, 
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ions and neutrals trend to converge to similar values, and at atmospheric pressure the 

plasmas have temperatures of a few thousand Kelvin degrees (Figure 1.22) [44]. Such 

plasmas, where local thermodynamic equilibrium is achieved, are called thermal 

equilibrium plasmas or just thermal plasmas. However, according to Saha’s equation – 

equation (1.1) -, for a given energy the degree of ionization is lower for atmospheric 

pressures plasmas, although the density of charged species are much higher than in low 

pressure plasmas.  

 

 

Figure 1.22 - Evolution of the temperature (electrons and heavy particles) as a function of the pressure in 

plasma [44]. 

 
 
1.5.2 – Types of plasmas 

Although thermal equilibrium and non-equilibrium plasmas are the two types of plasmas 

from the physics viewpoint, from the engineering and processes viewpoint the plasmas 

are divided into low pressure and atmospheric pressure plasmas. Moreover, recently non-

equilibrium plasmas working at atmospheric pressure have been developed [45], in order 

to achieve the benefits of the cold plasmas (lower power and temperature) and of the 

atmospheric conditions (continuous process and lower cost). 

Depending on the power source and the excitation mode, the plasma reactors can be 

divided into three categories: the direct current (DC) and low frequency discharges, the 
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plasmas ignited by radio frequency (RF) waves, and the microwave (MW) discharges 

(Figure 1.21). Moreover, there are different power-source configurations, the inductively-

coupled plasmas (ICP) and the capacitively-coupled plasmas (CCP). In ICP plasma reactors, 

the energy field is produced by electromagnetic induction produced by electric currents, 

so the magnetic field is time-dependent on the type of electric current (AC or DC). On the 

other hand, the CCP plasma sources consist in two separated electrodes one of them is 

subjected to a high electric potential (i.e. power electrode) and the other is the zero 

potential (i.e. ground) electrode [46]. 

All plasma systems, especially non-thermal plasmas, have a number of internal 

parameters that define the plasma activity such as the degree of ionization of the gas, the 

density of the charged species and the ionization degree; these internal parameters are 

determined by external parameters imposed to the plasma reactor operation conditions 

[47] which should be set accurately in order to obtain reproducible conditions in the 

plasma treatment of materials. 

 
1.5.2.1 – Low-pressure plasma systems 

Most plasma power sources for low-pressure systems operate in the radiofrequency (RF) 

range, normally at 13.56 MHz, although depending on the residual pressure of the gas in 

the plasma reactor microwave frequencies of 2.53 GHz can be also used. Microwave 

(MW) sources allow work at higher residual gas pressure values and reach higher plasma 

densities. Lower frequency in the range of kHz could be used with lower gas pressures 

and they cause bombardment and radiation damage both to the substrate and to the 

reactor materials. 

In low-pressure (LP) plasma systems the external parameters are the residual pressure, 

the power density, the field frequency, the type and flow of gas, the reactor 

configuration, the materials used for building the reactor, and the electrode geometry 

among other. A scheme of the basic configuration of a LP plasma reactor is shown in 

Figure 1.23. 

Since in cold plasmas the electrons transfer the energy to the gas particles by inelastic 

collisions, the de-excitation processes produce electromagnetic radiation (i.e. glow) which 
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contributes to ionization and materials modifications, this being a function of the plasma 

chamber configuration.  

 

 

Figure 1.23 - Scheme of the components of a low-pressure plasma reactor [44]. 

 
One of the types of LP plasma reactors most widely used at laboratory scale is the barrel 

plasma reactor that consists in a cylindrical or demi-cylindrical shape chamber, and the 

electric field is applied around it forming the plasma from the gas within the chamber. 

The most simple barrel reactors are made in quartz and they have an ICP plasma source 

with a conductor coil around it (Figure 1.24a); however, quartz is not resistant to 

fluorinated gases and therefore the barrel reactor must be used with non-fluorinated 

gases. Other type of barrel reactors have a CCP plasma source and consist in an internal 

cylinder of aluminum which works as cathode and an external cylinder as anode (Figure 

1.24b).  

Another type of low-pressure plasma system is the parallel-plates plasma reactor. This 

contains two plates or shelves, one of them is the ground electrode and the plasma is 

generated within the gap between both electrodes (Figure 1.25). Despite inductively-

coupled sources can be used for this plasma system, being one of the plates a spiral wire 

with planar shape, usually this configuration is coupled with a capacitively-coupled 

source. Parallel-plates plasma reactors show the particularity that the position of the 

material and the electrodes produces different effects on the material surface, the 

material can be placed within the gap between the electrode and ground shelves (direct 

configuration), on the ground shelf (etching configuration) or separated from the UV 
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radiation generated by the plasma by placing the material on a third shelf (secondary 

downstream configuration) - Figure 1.26. 

  
(a) (b) 

 
Figure 1.24 - ICP source plasma reactor (a); CCP source plasma reactor (b) [48]. 

 

 

Figure 1.25 - Parallel-plates low-pressure plasma reactor [49]. 

 
 

 

Figure 1.26 - Chamber configuration in parallel-plates low-pressure plasma reactor [50]. 
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1.5.2.2 – Atmospheric pressure plasma systems 

Low-pressure (LP) plasma systems present several advantages for treating surfaces, such 

as good reproducibility and homogeneity. However, at industrial level the LP plasma 

systems show some drawbacks dealing with the need of using vacuum for reaching 

reduced pressure and the high cost derived from being a non-continuous process; 

furthermore, the size of the material to be treated is limited by the size of the reactor 

chamber. Atmospheric pressure plasmas overcome these limitations and they are faster, 

more cost-effective and easy to scale up at industrial level; on the other hand, these 

plasma systems are more difficult to control for surface treatment of materials being less 

homogeneous. 

When the gas pressure increases the elastic and inelastic collisions between electrons and 

heavy particles (ions and neutrals) are intensified inducing heating. Therefore, the 

difference between the temperature of electrons and that of the heavier particles is 

reduced, becoming the plasma state closer to local thermodynamic equilibrium (LTE). 

However, the significant gradient of properties in the plasma restricts a particle moving in 

the discharge for achieving equilibrium, so a complete thermodynamic equilibrium is not 

fully reached in the whole plasma state and deviations from LTE state can occur in zones 

of high temperature or concentration gradients [51]. The density of the feeding power 

influences noticeably the plasma state: high power density induces thermal plasmas (LTE) 

whereas non-thermal plasmas are favored by either low density of the feeding power or 

pulsed power supply. Thus, the local thermodynamic equilibrium is primordial for 

controlling the temperature of the plasma and this strongly depends on the plasma 

source. 

To initiate the discharge in the gas, the breakdown voltage applied between the 

electrodes depends on the value of P x d, where P is the pressure and d is the gap 

between the electrodes. Therefore, working at atmospheric pressures implies a thin gap 

(several millimeters) between the electrodes in order to have a realistic voltage [52]. The 

use of noble gases such as helium favors the glow discharge due to the higher energetic 

metastable species responsible of so-called “penning ionization” *53] - Figure 1.27. 
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Figure 1.27 - Breakdown potential in various gases as a function of the pressure and gap distance (P x d) for 

plane-parallel electrodes [52]. 

 
One of the most widely used atmospheric plasma systems working in pulse mode is the 

corona discharge, which is a non-LTE discharge with low current density. The device 

consists of a cathode-wire and the treated material is the anode (Figure 1.28). The plasma 

creates a crown around the wire due to the ionization of the surrounding gas and this is 

the reason of calling this discharge as “corona”. The active ionization region is restricted 

to a small volume around the electrode of a small radius of curvature in comparison with 

the inter-electrode distance. As the plasma volume is very small, the corona discharge is 

intended for surface treatment of thin materials. For increasing the size of the surface of 

the material to be treated, the cathode wire can be replaced by a plane electrode; this 

system generates micro-arcs (streamers) perpendicular to the gap between the 

electrodes and it is not homogeneous. 

 

Figure 1.28 – Principle of corona discharge plasma [56]. 
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To avoid the lack of homogeneity of the corona discharges, Dielectric Barrier Discharge 

(DBD) plasma systems were developed. The DBD device consists in two plane-parallel 

metal electrodes. At least one of these electrodes is covered by a dielectric material. 

Other electrodes configurations such as cylindrical electrodes can be used (Figure 1.29). 

To ensure stable plasma operation, the gap between the electrodes is limited to a few 

millimeters and the gas is flowing into the gap. The discharge is ignited by sinusoidal or 

pulsed power source, and depending on the working gas composition, the voltage and 

frequency of excitation, the discharge can be either filamentary or glow [54]. A 

filamentary discharge is formed by micro-discharges or streamers developed on the 

dielectric layer surface. In DBD plasma systems the non-local thermal conditions can be 

obtained at elevated pressures [55]. 

 

 

Figure 1.29 – Common dielectric barrier discharge electrodes configurations [57]. 

 

The first atmospheric pressure plasma systems were based on transferred electric arcs. 

Arc-like plasmas need the application of high electrical voltages to a gas, increasing the 

gas temperature up to generate conductivity and producing electrical breakdown. To 

reach appreciable electrical conductivity by thermal ionization, in most gases, 

temperatures above 10000 K are required. High-current arcs at atmospheric pressure are 

thermal plasmas, approaching the LTE state. The energy density of the arcs is in the range 

of 107 – 109 J/m3 and the electron density is in the range 1022 – 1025 m-3.  As a 

consequence, high current densities and temperatures in arc discharges cause 
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temperatures of 5000 – 50000 K [42]. For most applications these high temperatures are 

not required or not desired since they can damage the substrate surface, mainly in 

polymeric materials.  

The thermal atmospheric pressure plasmas called arc plasma torches are fed by DC power 

supply and cause low frequency discharges being used for cleaning, spraying, cutting or 

welding. They are basically divided into two categories: current-carrying arc and 

transferred arc. Both consist of a cathode where electrons are emitted, a plasma gas 

injection system, and a nozzle that confines the plasma. In the current-carrying arc torch, 

the nozzle positively polarized is the anode. In the case of the transferred arc torch, the 

treated material is the anode (Figure 1.30). The arc is ignited between the cathode and 

the anode and ionizes the plasma gas. The plasma temperature varied from 8000 K 

(plasma envelop) to 15000 K (plasma core). The gas is highly ionized, so the arc plasma 

has electrical current intensities from 50 to 600 A. 

 
                                         (a)                                                                                                     (b)         

Figure 1.30 – Principle of arc plasma torch: current-carrying arc (a) and transferred plasma arc (b). [56]. 

 
When the DC and low frequency discharges are applied in pulsed working mode, they 

enable large energy in the discharge while the system warming up is limited. The short 

pulse duration prevents the equilibrium state from being established when the pulses 

duration is shorter than the time necessary for the arc creation [57]. The transition into 

spark is avoided and the current discharge is very low (between 10-10 and 10-5 A).  
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In general, the plasma obtained in atmospheric plasma torches has a central zone or 

plasma core which is thermal plasma and a peripheral zone which is non-thermal plasma, 

and it is called plume. The temperature of the heavier particles in the plume is much 

lower than that of the electrons, so the atmospheric plasma torches are not suitable for 

some materials and applications. However, the arc plasma torches are very useful for 

most of industrial applications and, therefore, other plasma torches operating under LTE 

conditions have been recently developed including atmospheric pressure plasma jets 

(APPJ) and cold plasma torches. These devices are low-powered discharges systems which 

operate in RF range achieving temperatures near 400 K in the plume. The APPJ system 

(Figure 1.31) consists of two concentric electrodes and the plasma is generated with 

mixtures of helium, oxygen and other gases. By applying RF power to the inner electrode 

at 100 – 150 V, the gas discharge is ignited. The ionized gas from the plasma jet exits 

through a nozzle from where it is directed onto the substrate surface at a velocity of 

about 12 m/s under typical operating conditions. The low power enables the torch to 

produce a stable discharge and avoids the arc transition, and the plasma jet exhibits 

properties typical of a low-pressure DC discharge (Table I-VII).  

 

 

Figure 1.31 – Scheme of the atmospheric pressure plasma jet configuration [56]. 
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Table I-VII – Typical operational parameters of the atmospheric plasmas [56]. 

SOURCE Vbreakdown (kV) Plasma density (cm-3) 

Low-pressure discharge 0.2 – 0.8 108 – 1013  

Arc and plasma torch 10 – 50 1016 – 1019 

Corona discharge 10 – 50 109 – 1013 

Dielectric barrier discharge 5 – 25 1012 – 1015 

Atmospheric plasma jet 0.05 – 0.2 1011 – 1012 

 
 

Cold plasma torch lies between the DBD and the APPJ plasma torch. The powered 

electrode consists of a metal needle of 1 mm thick, which is inserted into a grounded 

metal cylinder (Figure 1.32). In addition, a quartz tube is placed between the cathode and 

the anode which makes this device resembling a dielectric barrier discharge. Mixtures of 

rare gases, helium and argon, and other gases are fed between the metal needle and the 

quartz tube at a flow of around 5 m/s, being ionized in the form of a small plasma plume 

or jet; the typical temperature in the plume is 450 – 650 K. 

 

 

Figure 1.32 – Scheme of the cold plasma torch design [56]. 
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1.5.3 – Effects of the plasma treatments on materials surface 

 

1.5.3.1 – Modifications of the surface properties 

The high energy of the species generated during plasma formation makes them highly 

reactive, so they are able of interact with the substrate surface producing cleaning, 

ablation, chemical modification and cross-linking.  

Surface cleaning is produced by removing organic contamination and low molecular 

weight species on the substrate surface, due to the temperature rising and/or etching 

during plasma treatment. The cleaning produced by thermal and non-thermal plasmas is 

different, and the length of treatment for optimal cleaning is also different in low 

pressure and atmospheric pressure plasmas. In some cases, cleaning of the substrate 

surfaces is not completed rendering a weak-boundary surface layer that is detrimental for 

adhesion. 

Due to the high-energy particles bombardment during plasma treatment some moieties 

can be removed from the substrate surface including contaminants, weak-boundary 

layers and soft parts of semi-crystalline and/or filled polymers. Removal of moieties in 

substrate surfaces is favoured with plasmas of rare gases as they are easy to ionize. Since 

amorphous regions in the polymer are removed faster than the crystalline ones or the 

inorganic fillers, a surface topography on the substrate can be generated which will 

favour the mechanical interlocking with adhesives. In amorphous and unfilled polymers 

such as silicone rubbers for medical applications, the changes in surface morphology is 

minor.  

Due to the higher ionization in the plasmas of noble gases and the important emission of 

UV radiation during the de-excitation process, the ion bombardment and the VUV 

photons produced are able of breaking carbon-carbon bonds, creating free radicals that 

may react with other polymer chains or causing chain-transfer reactions [58]. Therefore, 

chemical modification of the surface can occur during plasma treatment of materials due 

to the new reactive species; upon re-exposure of the treated surface to open air, the 

residual free radicals can react with atmospheric oxygen or water vapour. For producing 
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new chemical functionalities during plasma treatment, low etching conditions are needed 

and plasmas of oxygen, nitrogen and fluorine are recommended. 

 
1.5.3.2 – Plasma deposition of thin films 

Apart from producing modifications on the material surfaces during plasma treatment, 

thin coatings of different nature can be deposited from the plasma stream on the 

substrate surface. The use of plasmas for thin coating deposition has been raised rapidly 

in the last decades due to the creation of high quality and homogeneous coatings. There 

are many different ways to deposit solid coatings on the surface of substrates through 

means of plasma, but always a monomer or precursor is introduced in the plasma gas 

flow, either in gas phase or as volatile liquid. Then, the reaction between these molecules 

assisted by plasma species is produced forming a thin macromolecular layer on the 

surface. Depending on the type of precursor and plasma used, different types of plasma 

deposition processes can be distinguished.  

In plasma polymerization, also called Plasma Enhancement Chemical Vapor Deposition 

(PE-CVD), the transformation of low molecular weight species (monomers) into high 

molecular weight moieties (polymers) occurs with the assistance of energetic plasma 

species such as electrons, ions and radicals able to break the chemical bonds of the 

monomer molecules leading to the creation of active species [59]. Thus, polymer 

formation in plasma polymerization encompasses plasma activation of monomers to 

radicals, recombination of the formed radicals and reactivation of recombined molecules 

(Figure 1.33).  

 

 
 

               (a)       (b) 

Figure 1.33 – Scheme of the plasma polymerization process. In the first step high energy species are 

generated in the plasma state to create active sites in the monomer precursor (a); in initiated vapor-phase 

activated monomers are polymerized on the substrate surface forming a thin film [60]. 
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Deposition of thin films on substrate surfaces through plasma activation can be achieved 

also using atmospheric pressure arc plasma torches; in this case, the precursor is injected 

in the nozzle at the plasma exit and is projected against the surface of the substrate 

(Figure 1.34). Due to the higher temperature and shorter times, the thickness and 

composition of the coating on the substrate are less homogeneous. The same 

configuration is also employed to obtain coatings by plasma spraying when the injected 

precursor is a powder (metals, ceramics…). 

 

 

Figure 1.34 – Scheme of PE-CVD system using plasma torch [61]. 

  
Plasma polymerization is the most important method for thin polymer films formation 

from organic vapor, saturated alkanes or benzene [59]. Hydrocarbons such as methane, 

ethane, ethylene, acetylene and benzene are widely used in the formation of plasma 

polymerized hydrogenated carbon films with enhanced properties such as microhardness, 

low refractive index, impermeability and abrasion resistance; plasmas of fluorine-

containing gases can be also used to produce hydrophobic surfaces. On the other hand, 

plasma polymers fabricated using organo-silicon monomers have excellent thermal and 

chemical resistance and outstanding electrical, optical, and biomedical properties. 

The polymers formed by plasma polymerization are chemically different from those 

formed by conventional (radical or ionic) polymerization, even if the same monomer is 

used. This is due to the breaking of the monomer molecules is an uncontrolled process, 
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and undesirable side reactions such as dissociations, excessive crosslinking or 

fragmentation might occur; thus, the plasma polymers are not formed by repeating 

monomers units, but instead complicated units containing cross-linked, fragmented and 

rearranged units from the monomers are formed. Even the functional groups of the 

monomers can be damaged or destroyed leading to loss of functionality. Because of this, 

to improve the functional retention of the coatings created by PE-CVD and minimize the 

effects of the plasma on the monomer molecules, optimal conditions leading to lower ion 

flux and low substrate heating should be selected [62]. 

The adhesion of plasma-polymerized film to the substrate is one of the most important 

factors in determining the success of plasma polymerization as surface modification 

technique. The adhesion of the coating to the substrate is determined by the deposition 

rate, thickness of the film and the nature of the substrate. Better adhesion is achieved 

with slower deposition rate, small film thickness and in polar substrates [58].  

 
1.5.4 – Uses of plasmas in Medicine 

The outstanding benefits of plasma treatments and their effects had led, in the recent 

years, their use in biomedical applications for improving the performance of biomaterials 

used in Medicine and for developing new plasma systems capable to interact with living 

tissues. Figure 1.35 shows a scheme of different applications and uses of plasmas in 

Medicine. 

One of the most growing uses of plasmas in Medicine is for sterilization to overcome the 

limitations of conventional sterilization methods such as heat or chemical solutions, being 

able to reach the internal parts of medical devices (catheters, needles, syringes). Plasma 

treatment also prevent the damages both to non-living and living materials [63] 

producing successfully de-activation and destruction of pathogens like bacteria and 

microbes (Figure 1.36), exhibiting selectivity even at intracellular levels [64]. For use on 

living materials, new atmospheric cold plasma devices working at room temperature have 

been developed [56,65,66], and they can be used directly with living animal and human 

tissues for blood clotting, wound healing, cleaning of dental root canals or even cancer 

treatment [67]. 
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Figure 1.35 – Scheme of different uses of plasmas in biomedical applications [68]. 

 

 
(a) (b) 

Figure 1.36 – SEM micrographs of untreated control spores (a), and spores after 30 minutes of being 

treated with O2/CF4 plasma [63].  

 

Apart from these applications, the most extended use of plasmas in Medicine is for 

surface treatments of biomaterials for implants or medical devices construction. 

Biocompatibility is the most important characteristic of biomaterials and it is determined 

by the surface properties in contact with living tissues; furthermore, other surface 

properties such as surface energy, texture or tribological properties are also important in 

biomaterials. However, biomaterials have bulk requirements (mainly mechanical 
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properties) and the application of plasmas should not modify them. Therefore, a common 

approach is to fabricate biomaterials with appropriate bulk properties followed by plasma 

treatment to enhance their surface properties. Figure 1.37 illustrates some of the surface 

properties of biomaterials that can be modified by surface treatment with plasmas. 

 

 

Figure 1.37 – Biomaterial surface properties altered by plasma modifications [69]. 

 
The application of plasmas for surface modifications of biomaterials is highly diverse, and 

some examples of applications include cleaning/sterilization, coating deposition and 

modification of the surface chemistry. Orthopedic prostheses are made harder and more 

wear resistant into the articulating surfaces by plasma treatment. Orthodontic appliances, 

surgical instruments and venous catheters are plasma treated to improve friction, fretting 
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resistance and biocompatibility. Orthopedic hips and dental implants need controlled 

bone adhesion to Ti alloy surface, and artificial blood vessels require endothelial cell 

adhesion control on polymeric surface for non-thrombogenicity [69]. Table I-VIII lists 

some of the most common applications of plasma treatment in biomaterials. 

 

Table I-VIII – Biomaterial surface properties altered by plasma modifications [70]. 

Blood compatible surfaces Vascular grafts, catheters, stents, heart valves, 

membranes (e.g. for hemodialysis), filters (e.g. 

for blood-cell separation), biomolecules 

immobilized on surfaces. 

Non-fouling surfaces IOLs, contact lenses, wound healing, catheters, 

biosensors 

Tissue engineering and cell culture Cell growth, antibody production, essays, 

vascular grafts 

Sterilization and cleaning Surgical tools 

Needles and syringes 

Biomedical devices 

Biosensors Biomolecules immobilized on surfaces 

Barrier coatings Drug-release, gas exchange membranes, device 

protection, corrosion protection, reduction of 

leaches (e.g. additives, catalysts, plasticizers, 

etc) 

Adhesion and bioadhesion Bone and dental implants, wound dressings, 

cell attachment, external prostheses. 
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1.6  - STATE OF THE ART IN PLASMA TREATMENTS OF PDMS 

1.6.1 – Surface modifications 

The treatment of poly(dimethylsiloxane) with plasmas may produce changes on the 

chemical structure and composition of the surface. The reaction mechanisms of the 

surface modifications produced in PDMS treated with plasmas have been studied 

extensively and, although there is not a unique mechanism proposed, it is well-

established that the main reactions produced during oxygen plasma treatment of PDMS 

are bond scission and oxidation. By using IR spectroscopy, Hollahan and Carlson [71] 

observed the replacement of methyl groups by hydroxyl groups in PDMS treated with 

corona discharge and low pressure oxygen plasma. They found that carbinol species 

(SiCH2OH) were formed and by reaction with water gave silanol groups with elimination 

of methanol. Afterwards, the condensation of hydroxyl groups occurs, leading to the 

formation of Si-O-Si bonds (SiOx) forming a silica-like layer on the treated PDMS surface 

[72]. This was also observed in PDMS treated with plasmas of gases which do not contain 

oxygen indicating that hydroxylation can also be produced by exposition to ambient 

moisture after plasma treatment [73]. 

Plasma treatment produced the modifications on the surface chemistry of PDMS. Several 

studies [63, 74-77] have established that the extent and nature of the surface 

modifications of PDMS is related to the parameters set for plasma treatment such as the 

type of plasma, the treatment conditions, the substrate composition or the gas, among 

other. Murakami et al [63] observed a noticeable enhancement in PDMS wettability after 

oxygen-plasma treatment; similarly, Ginn and Steinbock [74] studied the changes in PDMS 

wettability using a home-made microwave low pressure oxygen plasma reactor and they 

found that the larger was the length of treatment, the higher was the wettability of the 

PDMS surface. Similar results were found by Morent et al [75] by treating PDMS with low 

pressure air plasma working at low frequencies for short length of treatment (up to 25 

seconds). On the other hand, Bhattacharya et al [76] treated PDMS with ICP oxygen 

plasmas and they found that the treatment during 30 seconds produced the lowest water 

contact angle value. Furthermore, Fritz et al [77] studied the wettability on PDMS treated 

with different low pressure RF plasmas of different gases for 1 to 40 minutes, and they 
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found that the water contact angle values increased by increasing the length of treatment 

irrespective of the gas nature. On the other hand, the adhesion of PDMS is intimately 

linked to surface energy and wettability, and thus the length of plasma treatment also 

influenced the adhesion of PDMS which was higher when its wettability increased [75,77] 

(Figure 1.38). The decrease in adhesive strength in the joint made with PDMs treated for 

more than 25 seconds was attributed to overtreatment that created weak-boundary 

layers on the PDMS surface. 

 

 

Figure 1.38 – Variation of the wettability and adhesion strength of oxygen-plasma treated PDMS as a 

function of the length of treatment [76]. 

 
Atmospheric plasma treatments also change the wettability and surface chemistry of 

PDMS. De Geyter et al [78] studied the evolution of the water contact angle on PDMS as a 

function of the length of treatment with DC high voltage air plasma, concluding that the 

wettability increased by increasing the length of treatment up to 22 seconds, i.e. the 

water angle value decreased from 108º to 14º; for longer length of treatment the 

wettability did not change and similar water contact angle values were obtained. Very 

similar results were obtained by Sohbatzadeh et al [79] by treating PDMS with an 

atmospheric non-equilibrium cold argon plasma torch. 

Although the length of treatment is the most studied parameter in plasma treatment of 

PDMS, the effect of other parameters have been also studied [76,80,81].  Loss of 
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adhesion strength in the joint made with oxygen plasma-treated PDMS (20 watts, length 

of treatment higher than 10 minutes) and acrylamide film was ascribed to over-treatment 

by Lai et al (Figure 1.39). Furthermore, Bathacharya et al [76] varied the power from 5 to 

150 watts in low pressure plasma treatment of PDMS during 30 seconds and they found 

that the minimum water contact angle value was obtained by treatment at 20 watts. 

Additionally, they studied the effect of the residual pressure on the wettability of PDMS 

treated for 30 seconds at 20 watts observing an increase in the water contact angle value 

from 27º at 20 mTorr to lower than 5º at 700 mTorr. 

 

 

Figure 1.39 – Effect of power and time on peel strength of oxygen plasma treated PDMS-acrylamide film 

joints [81].  

 
It has been demonstrated that the modifications in surface wettability and adhesion 

produced by plasma treatments are due both to changes in surface chemistry and surface 

topography of PDMS. Smith et al [82] studied the chemical composition of the most 

external layer of microwave low pressure oxygen-plasma treated PDMS by XPS and they 

found that the atomic percentages of silicon, carbon and oxygen on untreated PDMS 

correspond to the stoichiometric ratio (25at%, 50at% and 25 at%, respectively), and after 

plasma treatment the percentage of carbon decreased and the percentage of oxygen 

increased, whereas the silicon concentration remained relatively unchanged [82]. Similar 

results were found by Hong et al using atmospheric plasma treatment [83]. These studies 

showed that the plasma treatment produced the formation of new carbon-oxygen groups 
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and the removal of methyl groups, confirming the mechanism proposed by Hollahan and 

Carlson. However, Hillborg et al [84] found that the silicon percentage increased for 

longer treatment times with plasma, showing the removal of the new carbon-oxygen 

groups due to over-treatment [84]. Furthermore, the same researchers analyzed the 

structure of the top surface layer on both untreated and treated PDMS surfaces by XPS 

resolving the Si2p3/2 photopeak into three peaks at binding energies of 102.1 eV, 102.8 eV 

and 103.4 eV, which correspond to silicon atom bonded to two, three and four oxygen 

atoms, respectively. They observed that when PDMS was treated with corona discharge 

in air or low pressure MW air plasma, the intensity of the 102.1 eV photopeak decreased 

and those for 102.8 eV and 103.4 eV photopeaks increased, confirming the substitution of 

methyl groups by oxygenated groups.  

On the other hand, it has been observed that the 102.8 eV photopeak corresponding to 

half-substituted silicon atoms disappeared when longer times of plasma exposure were 

applied [75,79] indicating that the main contribution to Si2p3/2 photopeak in plasma 

treated PDMS surfaces is due to fully oxidized silicon species creating a silica-like layer 

with high cross-linking degree. Everaert et al [85] analyzed the global oxygen content in 

plasma-treated PDMS surfaces and the content of the different oxygen-silicon species, 

and they observed that the O1s photopeak at binding energy of 533.2 eV was related 

linearly with the amount of the new silicon-oxygen species, suggesting that the new 

oxygen groups were formed by condensation of silanol groups on the treated surface 

leading to the formation of the external cross-linked silica layer [85]. 

The additional cross-linking caused on the surface of the plasma treated PDMS increases 

its wettability and favours the formation of the brittle silica-like layer. Owen et al [86] 

observed that new cracks appeared on the low-pressure plasma treated PDMS surface 

(Figure 1.40), and the number of cracks increased when the treated samples were 

strained during handle [86]. Additional studies by other researchers dealt with cracks 

formation in plasma treated PDMS. Fateh-Alavi et al [87] studied the length of treatment 

necessary to produce crack formation on corona and low pressure plasma-treated PDMS 

submitted to a strain of 10% value, concluding that whereas 120 seconds of low pressure 

plasma treatment were sufficient for producing cracks, 2.5 hours of corona treatment 

were needed [87]. These results supported the studies by Hillborg et al [84] establishing 
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that similar oxygen/carbon ratios were obtained in PDMS treated with air plasma for 120 

seconds and with corona discharge for 3 hours. 

 

 

Figure 1.40 – Cracks on PDMS surface treated with low pressure oxygen plasma for 10 minutes at 40 W and 

70 Pa residual pressure [86]. 

 
Olander et al [88] studied by scanning electron microscopy (SEM) the variation in cracks 

formation on plasma-treated PDMS surface as a function of the length of treatment, the 

voltage applied and the residual pressure [88]. Figure 1.41 shows that higher cracking on 

the treated PDMS surface was produced when the length of treatment or the power 

increased, the effect of the residual pressure was less important.  

 

  

Figure 1.41 – Rate of crack formation on surfaces of oxygen plasma-treated PDMS using different length of 

treatment, power and residual pressure. Crack rating : 0 : no cracks ; 8 : severe cracking [88]. 
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The changes in the wettability on the plasma treated PDMS surfaces are due not only to 

changes in surface chemistry, but also to changes in roughness. Williams et al [89] 

measured the water contact angle values on plasma-treated PDMS surface generated 

with different gases (oxygen, argon, nitrogen and ammonia) and higher wettability was 

observed in PDMS treated with oxygen and argon plasmas. The analysis of the treated 

PDMS surfaces by atomic force microscopy showed that the average roughness was 

approximately twice than in the untreated surface, whereas the N2 and NH3 plasmas 

produced an average roughness comparable to that of the untreated PDMS [89]. Cracking 

of PDMS is due to the different ionization degree achieved with plasmas of different gases 

under the same treatment conditions and to the different kinetic energy of the charged 

species, i.e. the experimental conditions used for generating the plasma. Fritz et al [77] 

studied the RF power required to produce cracking on plasma-treated PDMS surface for 

10 minutes at 70 Pa of residual pressure using different gases concluding that 2, 25, 100 

and 375 W power was needed for producing cracks with argon, oxygen, nitrogen and 

helium plasmas, respectively. Despite this, Owen et al [86] found that the treatment of 

PDMS with plasmas of these four gases showed almost the same chemical composition 

except for the slight amount of nitrogen (<2wt%) found when nitrogen plasma was used; 

however, each plasma treatment was carried out under different power.  

Lai et al [90] used oxygen, argon and ammonia plasmas at 10 W for 2 and 10 minutes for 

treating PDMS and they found that the oxygen/carbon ratios obtained by XPS on the 

surface treated for 2 minutes were 1.69, 0.89 and 1.65 for oxygen, argon and ammonia 

plasmas respectively, but after 10 minutes of plasma exposure this ratio was very similar 

in all plasmas, being 1.35, 1.23 and 1.25 respectively [90]. These results indicate that 

there are significant differences on PDMS surface modifications depending on the gas of 

the plasma, but these differences are overcame if the treatment conditions produced 

overtreatment. Hino et al [91] studied recently the performance of mixtures of gases in 

DC glow discharges plasma treatment of PDMS [91]; they analyzed the wettability 

improvement on PDMS with the time of exposure to argon and mixtures of argon + 

oxygen or argon + hydrogen in 9/1 molar ratio plasmas, and they found that the use of 

Ar+O2 mixture was particularly effective in enhancing the surface wettability on PDMS 

surface (Figure 1.42). 
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Figure 1.42 – Change on the water contact angle after plasma treatment of PDMS with Ar, Ar+H2 and Ar+O2 

glow discharges [91] 

 

1.6.2 – Hydrophobic recovery and ageing 

The particular chemical structure of PDMS confers unique properties and when it is 

treated with plasmas the stability of the chemical polar groups created on its surface 

declines over the time, showing a noticeable hydrophobic recovery during the first few 

hours after plasma treatment; hydrophobic recovery is almost total in about 100 hours 

(i.e. water contact angle value of about 100º is reached) [92]. The hydrophobic recovery is 

one of the characteristics of the PDMS treated with plasma.  

Although several mechanisms of hydrophobic recovery in plasma-treated PDMS have 

been proposed, the most accepted in the existing literature is the following : (i) 

Reorientation of the surface hydrophilic groups away from the surface (i.e. the overturn 

of polar groups on the surface to the bulk); (ii) migration of the untreated polymer chains 

and low molecular weight species from the bulk to the surface [85,92]. These mechanisms 

are favoured by the low glass transition temperature and high free volume of PDMS; the 

low free energy of rotation of the siloxane bond (14 kJ/mol) is much lower than for 

carbon-carbon bond in polyethylene [93] facilitating the macromolecules motion which 

result in hydrophobic recovery.  

Apart from the above mentioned two mechanisms, other mechanisms for hydrophobic 

recovery have been proposed including the loss of volatile oxygen-rich or other polar 

species to the atmosphere, further reaction of polar and other active species (e.g. 
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transient radicals) producing linkages that hinder chain reorientation, changes in surface 

roughness or external contamination of the polymer surface [94] (Figure 1.43). 

 

 

Figure 1.43 – Schematic representation of the dynamic processes involved during ageing on the plasma 

treated PDMS surface and in the bulk just below the surface, and the equilibrium state of the surface after 

ageing [94] 

 
In addition several studies have been carried out on the stability of the plasma treated 

PDMS surface. In a very recent study, Bacharouche et al [95] correlated the rate of 

increase of hydrophobicity after RF argon low pressure plasma treatment of PDMS 

monitored by water contact angle measurements with the length of treatment for 30, 60 

and 120 seconds [95]; the hydrophobic recovery was monitored by placing the treated 

PDMS under atmospheric conditions and it was found that stable contact angle around 90 

degrees was reached after 15 days, being slightly higher (100 degrees) for shorter length 

of treatment (i.e. 1-2 minutes); the untreated PDMS had a water contact angle of 115 

degrees. However, the half-time recovery (time for reaching 50% of total hydrophobic 

recovery) was a few hours, and the shorter was the length of treatment, the lower was 

the half-time recovery, i.e. faster hydrophobic recovery occurred in the first hours after 

plasma treatment. 

Lai et al [90] studied the effect of the length of treatment together with the power in RF 

low pressure plasma treatment of PDMS on its hydrophobic recovery under air with 60% 

relative humidity. They observed that the rate of loss of hydrophilicity depended on the 

time of exposure, the RF power and the gas use for producing the plasma, but the values 

of water contact angle after 100 hours of storage after plasma treatment was around 95 

degrees in all cases. Bodas et al [80] observed slower hydrophobic recovery on low 

pressure oxygen plasma treated PDMS for 1 and 5 minutes during the first 60 minutes 

after treatment; they repeated the study at 50, 100 and 150 W and they observed that 
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the higher was the power, the slower was the hydrophobic recovery in the first hour after 

treatment.  

Similar results on hydrophobic recovery by ageing of plasma treated PDMS were obtained 

by Meincken et al [96] by changing the length of DC air corona discharge and they noticed 

slower hydrophobic recovery by treatment for 30 minutes than for 5 and 10 minutes [96]. 

They monitored the changes in surface properties along the time by measuring the 

pulling-off adhesive strength of a cantilever tip in AFM equipment, and they found that 

the adhesion force decreased with time caused by hydrophobic recovery of the PDMS 

surface. Lower hydrophobic recovery rate corresponded to lower adhesion forces due to 

the higher stiffness of the most external PDMS surface produced by long plasma 

treatments, indicating that the cross-linked silica-like layer formed plasma treatment 

hindered the migration and rearrangement of polymeric chains inhibiting the 

hydrophobic recovery. However, Fritz and Owen [77] observed different results in PDMS 

treated with plasmas of oxygen, argon, nitrogen and helium during different length of 

treatment (1 to 30 minutes) at different power values and they found lower hydrophobic 

recovery rates after 24 hours for short length of treatment. Fritz and Owen supported 

their results by the formation of cracks in the brittle silica-like layer created on the PDMS 

surface treated for longer time that facilitates the diffusion of untreated polymeric chains 

and low molecular weight chains across these cracks, causing loss of hydrophilicity; this 

was confirmed by Hillborg and Gedde [72] in later studies. To support their hypothesis, 

Fritz and Owen measured the hydrophobic recovery in two PDMS materials subjected to 

the same plasma treatment, but by strain mechanically one of them to create a high 

number of cracks. They found faster hydrophobic recovery in the cracked PDMS sample. 

The same argument was used by Kim et al [97] to explain their results on the effect of the 

voltage in corona discharge treatment of PDMS on the half-time hydrophobic recovery 

[97]; they found that higher rates of hydrophobic recovery were observed on PDMS 

treated at higher voltages (Table I-IX). 
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Table I-IX – Half-time values of hydrophobic recovery on PDMS samples treated with AC corona discharge 

under different voltages and storage at different temperature [97]. 

Ageing temperature (ºC) 
Half-time hydrophobic recovery (hours) 

6 kV 9 kV 12 kV 

25 33.4 20.4 10.5 

60 6.4 4.1 2.9 

75 3.4 3.3 1.4 

100 1.3 1.5 0.9 

 

To minimize the effect of aggressive treatment conditions on the stability against ageing 

of plasma treated PDMS, Everaert et al [85] studied the hydrophobic recovery on PDMS 

treated with low pressure plasma at 50 W of RF power for 1 minute, in order to avoid the 

cracks formation on the surface due to overtreatment. They used plasmas of argon, 

oxygen, carbon dioxide and ammonia, but only the argon plasma showed noticeable 

reduction of hydrophobic recovery rate after 5 hours of being treated. Furthermore, the 

water contact angle values after 24 hours of treatment were reduced steadily as the 

number of plasma treatments increased up to four treatments. Nevertheless, XPS analysis 

on treated PDMS subjected to six consecutive CO2 and NH3 plasma treatments and stored 

in air for 3 months showed higher atomic composition of oxygen than carbon, while the 

oxygen plasma-treated surfaces showed an O/C ratio closer to that of the untreated 

PDMS. 

Kim et al [97] also studied the effect of the temperature during storage conditions of 

plasma treated PDMS (Table I-IX) and they have shown that by increasing the 

temperature, the hydrophobic recovery rate rose dramatically, due to the higher 

polymeric chain motion at high temperature which enhanced the hydrophobic recovery 

mechanisms of migration and reorientation. When the temperature increased, the effect 

of the plasma treatment conditions on hydrophobic recovery became less important, and 

the half-recovery time values were almost the same at high temperature irrespective of 

the treatment conditions.  The same explanation was provided by Everaert et al [98] 

when they kept the plasma-treated PDMS under liquid nitrogen for 3 months, and they 

found that the water contact angle and surface composition were very similar to those 
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just after treatment [98]. Furthermore, Bacharouche et al [95] studied the effect of the 

storage temperature at 4ºC, 24ºC and 60ºC, both in dry air and in nitrogen, on 

hydrophobic recovery of plasma treated PDMS as well, and they observed the same 

trend, although even at 4ºC the hydrophobicity continued growing slowly after 5 days, 

due to the low glass transition temperature of PDMS. 

Apart from temperature, the composition of the environment in the storage conditions of 

plasma treated PDMS also influences its hydrophobic recovery. Murakami et al [71] 

monitored the water contact angle values on plasma-treated PDMS washed with 

methanol just after treatment, storing the samples in dry nitrogen and in distilled water; 

they observed that the water contact angle values increased up to almost the value of the 

untreated films within five days after treatment in the treated PDMS stored in nitrogen, 

whereas the PDMS soaked in water maintained almost constant their water contact angle 

values with time. Hino et al [91] performed a similar experiment using air, water and 

ethanol as storage environments, and they observed that the loss of hydrophilicity was 

less marked in water that in air or ethanol (Figure 1.44a). These results suggest that polar 

environments prevent the reorientation of polar groups created during plasma 

treatments to the PDMS bulk. Lawton et al [99] performed experiments of ageing of 

plasma treated PDMS by immersion in  hexanedecane and water as non-polar and polar 

mediums, and whereas the treated PDMS soaked in water needed more than 48 hours to 

reach a stable water contact angle which was 15 degrees lower than that for the 

untreated material, the PDMS stored in hexanedecane reached the water contact angle 

of the untreated material in a few minutes, due to enhancement of hydrophobic recovery 

in non-polar liquid [99].  

Humidity was revealed as other important factor which contributes to the hydrophobic 

recovery of low pressure plasma treated PDMS, decreasing the surface wettability faster 

by increasing the humidity in the air [90]. Kim et al [97] observed the same behavior in 

corona-treated PDMS (Figure 1.44b), and they suggested that the moisture in the 

environment contribute significantly as a reactant in the oxidation reactions for producing 

low molecular weight species and in the chain scission reaction of siloxanes, enhancing 

the migration mechanism of the hydrophobic recovery. In other study [92], the same 

authors verified the influence of the migration of low molecular weight species on plasma 
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treated PDMS by adding deliberately 5wt% non-crosslinked methyl-terminated 

polydimethylsiloxanes of different molecular weights (770 and 3780 Da) in the PDMS 

formulation. It was confirmed that the corona treated PDMS containing low molecular 

weight non-crosslinked methyl-terminated polydimethylsiloxane recovered their original 

hydrophobicity after treatment much faster. 

 

  

          (a)           (b) 

 
Figure 1.44 – (a): Changes on the water contact angle values in plasma treated PDMS exposed to air and 

immersed in ethanol and water as a function of the ageing time [91]. (b): effect of humidity on the 

hydrophobic recovery rates of corona-treated PDMS [97]. 

 
Finally, a recent study published by Kim et al [100] has shown the effect of the cross-

linking degree of PDMS on its ageing stability after plasma modification. They used two-

component silicone rubbers with different ratios of monomer and cross-linker [100] and 

they observed by FTIR spectroscopy a new broad band at 3420 cm-1 after plasma 

treatment corresponding to hydroxyl group formation on the surface, its intensity was 

higher in the PDM with lower degree of cross-linking; however,  when the changes in the 

wettability during storage was monitored with time, no significant differences were 

observed, i.e. the wettability after ageing of the two PDMS materials with different cross-

linking degree was almost the same than before plasma treatment. The hydrophobic 

recovery produced on highly cross-linked PDMS can be attributed to the formation of low 

molecular weight species during plasma treatment caused by chain scission. 
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Most of the studies published in the literature on hydrophobic recovery on plasma-

treated PDMS have been performed with low-pressure plasmas or with corona 

discharges. There is only one recent study dealing with the hydrophobic recovery of 

PDMS treated with atmospheric pressure plasma torch (APPT). In this study, Encinas et al 

[101] monitored the surface energy on PDMS surfaces for 24 hours after treatment with 

APPT plasma under arbitrary conditions, observing that surface energy was twice the 

original value just after treatment; however, 1 hour after APPT treatment the surface 

energy was similar to that of the untreated PDMS. The same trend was observed on 

adhesive strength measured by pull-off tests in joints made with three different 

commercial adhesives; adhesion was twice the value for the untreated PDMS just after 

treatment, but there was a loss of 50% of adhesion 1 hour after treatment and it was 

completely lost after 24 hours. 

 
1.6.3 – Plasma polymerization 

Because of fast hydrophobic recovery due to siloxane polymeric chains migration is 

produced in plasma treated PDMS surfaces, an alternative way to prevent it is to anchor 

monomeric groups on the surface for hindering the siloxane chains motion by creating a 

polymeric layer which will act as physical barrier for the migration of the low molecular 

weight species from the bulk to the surface. Prior to anchor the coating on the PDMS 

surface it must be functionalized for creating an appropriate interaction between the 

surface and the coating. The most common method used some years ago was the 

chemical grafting which consists on apply a solution containing the monomer on the 

plasma-treated PDMS surface, producing a chemical reaction between the plasma 

activated surface and the monomer. Nevertheless, the use of solvents was an issue and 

made the process complex and expensive, as well as the two-steps process (plasma 

treatment + grafting) lead to losses of hydrophilicity since the highest hydrophobic 

recovery was produced during the few minutes just after plasma treatment. For instance, 

He et al [102] obtained highly hydrophilic PDMS surfaces by argon plasma pretreatment 

and subsequent acrylonitrile grafting for generating cyano groups on the coating that was 

stable for at least 1 month at room temperature. However, the acrylonitrile vapour during 
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plasma pretreatment of PDMS could also graft some hydrophilic functionality onto the 

surfaces. 

In order to obtain PDMS surfaces with better wettability stability, Bodas et al [103] 

studied the stability against ageing on PDMS modified surfaces with coatings of different 

nature: (i) plasma polymerization of hexafluoroethane (C2H6) and (ii) plasma assisted 2-

hydroxyethyl methacrylate (HEMA) grafting, using low pressure oxygen plasma. In the 

first case the monomer was introduced within the plasma gas stream and polymerized 

onto the surface “in situ” during plasma treatment; in the second case, HEMA was spin 

coated onto the PDMS surface which had been plasma-activated previously, and 

afterwards it was polymerized onto the surface by additional oxygen plasma treatment. 

Bodas et al [103] observed that whereas the just plasma-treated surface recovered more 

than half of its original hydrophobicity in 12 hours, HEMA and C2H6 coated PDMS showed 

higher hydrophilic stability, increasing the water contact angle value from 7º to 44º in 10 

days and from 64º to 85º in a week stored under atmospheric conditions (Figure 1.45). 

They suggested the formation of long-term stable hydrophilic functional groups onto 

PDMS surface by treatment with oxygen plasma and HEMA.  

 

 

Figure 1.45 – Variation of the water contact angle as a function of the ageing time in PDMS treated with 

oxygen plasma, hexafluoroethane and HEMA [103]. 
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Another way to produce surface coatings by indirect plasma polymerization was carried 

out by Bae et al [104] by depositing imidazole coatings on PDMS by introducing the 

substrate and the imidazole monomer in powder form together inside the plasma-

chamber, producing the vaporization of monomer by rising the reactor pressure, followed 

by activation, deposition and polymerization onto the surface of PDMS. 

The introduction of fluorinated groups onto the PDMS surface decreases its hydrophilicity 

and it remains quite stable. Therefore, fluorinated precursors in plasma gases can be used 

to increase PDMS hydrophobicity to obtain superhydrophobic surfaces, an important 

property in biomedical applications for preventing biofouling for instance. Gao et al [105] 

used tetrafluoromethane (CF4) RF capacitively coupled plasmas and superhydrophobic 

surfaces (the water contact angle values increased from 100º to more than 150º) due to 

the anchoring of fluorine onto the siloxane chain backbone; in fact higher hydrophobic 

properties than fluorocarbon species obtained by plasma polymerization using other 

fluorinated precursors was obtained. Martin et al [106] modified PDMS capillary 

electrophoresis microchips by using plasma-enhancement chemical vapor deposition (PE-

CVD) of octafluoropropane (C3F8) and acrylic acid (AA) plasmas for coating PDMS surfaces 

after argon plasma pretreatment. It was found by XPS and water contact angle 

measurements that the use of C3F8 resulted in deposition of an hydrophobic cross-linked 

fluorocarbon film (water contact angle : 115º), whereas the acrylic acid plasma treatment 

produced the deposition of stable hydrophilic film with ionizable acid groups (water 

contact angle : 65º). Barbier et al [107] obtained faster (10 nm/s thickness growing) and 

homogeneous coatings of acrylic acid on PDMS surfaces by pretreatment with low 

pressure plasma for 5 seconds followed by plasma deposition from a mixture of argon 

and acrylic acid monomer for 30 seconds, and additional helium plasma treatment for 5 

seconds for cross-linking of the polymer film. 

Despite the proved reduction of hydrophobic recovery achieved by plasma 

polymerization on PDMS, migration of low molecular weight species to the surface across 

the coating can also be produced in some extent. For preventing this, Lee et al [108] 

improved the stability against ageing of PDMS with a double-layer coating created by PE-

CVD atmospheric pressure plasma. A hydrocarbon layer was firstly coated on the bare 

PDMS surface using methane gas as precursor, and then a hydrophilic silica layer was 
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deposited using tetraethyl orthosilane (TEOS) and oxygen. The highly cross-linked 

hydrocarbon layer acted as a physical barrier between the PDMS surface and the 

hydrophilic layer. To confirm that this layer suppressed the hydrophobic recovery of the 

modified PDMS, a single-layer obtained from TEOS without hydrocarbon was also 

prepared, and it was observed that the silica layer deposited directly onto the bare PDMS 

surface degraded seriously by diffusion of PDMS oligomers to the hydrophilic layer, 

whereas hydrophilicity of the double-layer coated PDMS was maintained constant (water 

contact angle values were almost 0º along the time). The effectiveness as physical barrier 

of the hydrocarbon layer was verified by measuring the hydrophobic recovery of PDMS 

coated only with CH4 that was stable against ageing (Figure 1.46). 

 

 

Figure 1.46 – Representative photos of the static water contact angle on PDMS surfaces just after 

treatment and 7, 14 and 28 days of elapsed time between plasma deposition and contact angle 

measurement: (a) untreated PDMS, (b) coated with CH4, (c) coated with TEOS, and (d) coated with CH4 and 

TEOS [108] 

 
There are several recent studies dealing with partial or complete suppression of the 

hydrophobic recovery on plasma-treated PDMS through coating deposition by plasma 

polymerization. Bashir et al [109] used the monomer ethylene-diamine as organic 
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precursor for polymerization in a very innovative cold atmospheric microplasma 

deposition system, and they found that a homogeneous coating was created on the 

surface, increasing roughness from 3 nm in the pristine PDMS to 426 nm in the coated 

PDMS. The coating contained amine, amide and nitrile groups improved the wettability of 

coated PDMS, and almost 50% of carbon-carbon bonds corresponded to hydrocarbon 

chains polymerized from ethylene fragments of the monomer. These coatings showed 

hydrophilic properties (water contact angle of 32º) which remained unmodified during 14 

days after plasma deposition. Similarly, Massey et al [110] modified the wetting 

properties of PDMS with allylamine coatings by using PE-CVD polymerization in low 

pressure plasma reactor, obtaining coatings with nitrile and carbonyl groups which gave 

stable hydrophobicity (water contact angle around 50º) that remained constant for at 

least 2 weeks. 

In general, the use of plasma to obtain coated and functional PDMS surfaces has been 

revealed in the recent years as a very powerful tool for inhibiting hydrophobic recovery 

due to the wide variety of monomers that can be used as precursors, permitting the on-

demand generation of new surfaces, which is particularly useful for several applications of 

PDMS. 

 
1.6.4 – Biological and biomedical applications of plasma-treated PDMS 

A growing interest in biomedical applications of plasma-treated PDMS has been revealed 

in the recent last years by several studies in which the effect of plasma treatment on the 

attachment of cells and biological molecules, as well as biocompatibility, has been 

studied. 

Haemocompatibility is one of the key aspects on biocompatibility of PDMS, since the 

major effect of blood-biomaterial contact on protein systems is the activation of the 

coagulation and complement cascades of blood plasma proteins. In general, almost all 

commonly used medical-grade biomaterials induce activation, at least to some extent, of 

the processes that lead to clot formation, one aspect of this being the activation of the 

intrinsic coagulation cascade. Williams et al [89] studied the effect of the plasma surface 

modifications of PDMS with different gases on interfacial reactions by measuring the 



Chapter 1. Introduction                                                                              José A. Jofre PhD Thesis 
 

80 
 

acellular component of blood by means of partial thromboplastin time measurements, 

using platelet poor plasma (PPP) as reagent. It was found that the unmodified PDMS 

caused some reduction in clotting time, but argon or oxygen plasma treatments induced 

significant decrease in clotting times in PDMS leading to lower haemocompatibility. 

However, the nitrogen or ammonia plasma treated-PDMS showed significant reduction of 

blood activation, with higher clotting times than in untreated PDMS being almost 

indistinguishable from the non-contacted PPP (Figure 1.47). 

 

 

Figure 1.47 – Effect of plasma treatment on the activation of the intrinsic coagulation system by PTT 

analysis [89]. 

 

To control the interactions between surfaces and biological systems, it is common to 

attach biomolecules, proteins, and other species to the PDMS surface. It has been 

reported that the enhancement of hydrophilicity by amine groups can improve protein 

inmobilization. Pruden et al [111] studied by FTIR spectroscopy the treatment of PDMS 

with microwave ammonia plasma by changing the length of time, the power and the 

temperature, in order to produce the formation primary amines without significant 

oxidation to form covalent bonds with oxidized dextran coatings. PDMS treated at 100 W 

for 120 seconds at 23ºC generated suitable surface for obtaining durable and 

biocompatible coatings with oxidized dextran and acrylate dextran which were 

successfully bonded to primary amine groups. Olander et al [112] attached primary amine 

groups by hydrosilylation grafting of aminopropyl vinyl ether molecules to Si-H groups 

formed during argon plasma treatments, and then diazotized heparin molecules with 
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aldehyde terminal groups were coupled via reaction with amine groups in a hydrolytically 

stable form.  

Anand et al [113] studied the variation in protein immobilizing capability of PDMS as a 

function of the time of exposure to atmospheric glow discharge plasma using 

fluorocarbon gas as precursor. The protein immobilization ability of coated PDMS with 

human chronic gonadotropin (hCG) proteins and washing with PBS to remove the excess 

of hCG after kept it in a moist chamber overnight, was quantified by using enzyme linked 

inmunosorbant assay tests. It was observed by optical density measurements that 

significant amount of protein absorbed on the fluorine-treated PDMS surface after 60 

seconds of treatment, and it was increasing slightly by treatment for 300 seconds, 

suggesting saturation of the adsorbed proteins on the fluorocarbon PDMS surfaces. 

However, for higher length of treatment the protein concentration dropped and this was 

an indication of overtreatment of the surface. The increasing in the protein attachment 

notwithstanding the lower wettability after fluorine plasma treatment was due to the 

high affinity of the proteins towards electronegative atoms and their direct bonding to 

fluorine groups. 

Some recent studies consider the effect of plasma surface modifications of PDMS on 

direct cell attachment which is essential for tissue engineering research and in-body 

implants development. Fuard et al [114] observed in cell culture experiments that more 

hydrophilic plasma-treated PDMS surfaces highly favoured cell adhesion, i.e. cell adhesion 

rate rose from 1 – 2% for untreated PDMS to about 30% for argon plasma-treated and 

almost 40% for oxygen plasma-treated PDMS. The better cell adhesion is related with 

significantly more polarized cells. Moreover, a doubling of the cell surface as well as the 

number of cellular protrusions on PDMS surface was reached after oxygen plasma 

treatment, and they were even higher with argon plasma treatment likely due to the 

higher nano-roughness generated which lead to more mobile cells (Figure 1.48). Similar 

results were found by Wetzel et al [115] by using active fibroblast to measure cell 

proliferation on plasma treated surfaces. They found that fibroblast adhesion increased 

considerably by increasing the energy supplied during surface treatment, and the 

fibroblast proliferated to a greater extent on the hydrophilic surfaces. Jensen et al [116] 

also used primary human fibroblasts to study in vivo cell growth and morphology on 
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oxygen and water plasma treated PDMS surfaces and they found a significant increase in 

the number of cells growing on the plasma-treated surfaces during different observation 

periods, indicating more compatible surfaces. It was observed by differential interface 

contrast microscopy more spread cellular morphology of cells attached to the plasma-

treated surfaces, which was ascribed to higher adhesion strength, revealing water-vapor 

plasma treatment of PDMS as a promising alternative to increase cellular adhesion for 

enhancing biointegration of biomedical implants. 

 
 

  

Figure 1.48 – (a) Percentage of cell adhesion, (b) polarization, (c) cell surface, and (d) number of cell 

membrane protrusions as a function of the plasma treatment applied to the PDMS surface [114]. 

 
Harris et al [117] performed some experiments for enhancing the selective surface cell 

attachment on plasma treated PDMS by studying the growth of macrophage cells and 

astrocytes, in order to develop PDMS catheters for cerebral ventricles to drain excess of 

cerebrospinal fluid for the treatment of hydrocephalus without producing problems of 

debris growth and obstruct flow. They observed that oxygen plasma treatment, together 

with other parameters of in vivo cell culture, showed different adhesion on both types of 

cells: plasma treatment reduced noticeably the macrophage adhesion to PDMS, mostly 

when high protein concentration in the culture media was present; on the other hand, 

adhesion of astrocytes didn’t show significant variation between the plasma-treated and 

untreated PDMS, and it was more dependent on other factors related to the culture 

media. These results were justified by different adhesion mechanism of different cell 

morphologies. 

Cell attachment can nevertheless be a drawback since biofouling of PDMS can be an issue 

in some biomedical applications, such as optical lens implants in ophthalmology.  Plasma 
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polymerization can be used to modify PDMS surfaces to impart selective functionality to 

biological interfaces. Although HEMA and acrylic acid have been plasma-coated 

successfully on PDMS surfaces, poly(ethyleneglycol) and its derivatives provided better 

results since their bioactivity can be controlled by the amount of ether groups contained 

within the coating.  

Gross-Kosche et al [118] have reported in a very recent study that a PEG-like coating onto 

PDMS surface reduced cell attachment after 72 hours of cell culture. PDMS was 

introduced in a low pressure plasma reactor with oxygen gas and diethylene glycol 

dimethyl ether (diglyme) as precursor during 90 and 140 minutes for creating a thin 

coating of polyether structure. The density of ether groups on the PDMS surface 

determined the ability of the coating to resist protein absorption, which is the initial step 

for cell proliferation.  

D’Sa et al [119] used atmospheric pressure DBD plasma to produce poly(ethyleneglycol) 

methyl ether metacrylate (PEGMA) coatings on PDMS surface using oligomers with 1000 

and 2000 Da molecular weight, and studied the biological response of both coated 

surfaces. It was found that after mammalian epithelial cells were cultured on different 

surfaces, cells on the untreated PDMS surface were not well spread and had shrunken 

morphology, but on the DBD-treated surfaces the cells were well spread, and on the 

surface coated with PEGMA with 1000 Da the cells displayed evidence of shrinkage and 

were on the verge of detaching. However, no cell adhesion was observed on PEGMA 

coated with 2000 Da being an excellent non-fouling surface. On the other hand, the 

bacterial adhesion to the surfaces using Staphylococcus aerus culture in bovinum serum 

was not dependent on the nature of those surfaces. The differences can be ascribed to 

the higher reluctance of adhesion of the bacteria as compared with mammalian cells 

since the adhesion of bacteria to surfaces occurred by non-biospecific processes. 

Pinto et al [120] studied the effect of plasma treatment and polymerization of PDMS 

surface on bacterial cell repulsion. PDMS surface was treated with argon plasma and then 

sequentially coated with a synthetic surfactant and with PEGMA, and haemocompatibility 

and cytotoxicity were studied. It was observed that the PDMS surface with surfactant 

presented lower thrombogenicity as compared to the untreated surface, showing that 
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the surfactant increased blood compatibility, whereas the PEGMA coated material didn’t 

vary the blood compatibility with regard to bare PDMS surface. Macrophage growth was 

noticeably lower for PDMS containing surfactant on the surface so, despite the values of 

proliferation are within the non-toxic limit, higher cytotoxicity than untreated PDMS or 

PEGMA coatings was shown. This behavior was produced by the lower surface energy of 

the coatings, which prevent protein adhesion and, in consequence, blood coagulation and 

cell growth. 

In general, the exact mechanism of cell adhesion and cytotoxicity is not clear yet. There is 

an agreement, however, that not only the surface energy, roughness, texture and charge 

affect cell adhesion, but also chemical reactions of the surface groups, crystallinity and 

mechanical properties can promote or hinder adhesion. 

 

1.7 - DESIGN OF EXPERIMENTS METHODOLOGY 

In several research studies it is often of primary interest to explore the relationships 

between the key input variables (factors) and the output performance characteristics 

(responses). One of the most common approaches employed by scientists is One-

Variable-At-Time (OVAT) in which one variable is varied at time keeping all other variables 

fixed (Figure 1.49). However, this type of experimentation shows some limitations. The 

first limitation is the large amount of resources needed to obtain a limited amount of 

information about the process, since N x k experiments are required to carry out the 

study, where N is the number of factors and k are the levels at which each factor is 

studied.  

The second limitation is that the effect of each variable studied at time could be 

dependent on the value at which the other factors have been fixed, i.e. the effect of the 

studied variable could be different if another variable is kept at different specific value 

(Figure 1.50a). Thus, the conclusions about the behavior of the studied system could be 

no valid, and the results obtained by extrapolation could not correspond to the best 

experimental conditions (Figure 1.50b). These issues become more important as the 

number of factors increases, and the experiments performed following an OVAT method 
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can result in lower effectiveness and inefficiency to determine effects that are caused by 

several factors acting in combination [121]. 

 

 

Figure 1.49 – Experimental points layouts in a three factors domain following the OVAT method [122]. 

 

 

 

                            (a)                                                                                       (b) 

Figure 1.50 – (a): Levels of combined factors in an experimental domain which are not studied when an 

OVAT method is followed. (b): values of response variable for different experiments in which the best 

result (red point) doesn’t correspond to the optimal value in the surface response of the entire domain 

[122]. 

 
Therefore, in a right designed experiment all factors are studied simultaneously with 

specific changes in the input variables and the output response can be studied. Therefore, 

the objective of a carefully planned designed experiment is to understand which set of 

factors in a process affects the response most and then determine the best levels for 

these variables to obtain satisfactory output response. 
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Statistical design of experiments (DoE), also called experimental design, is a structured 

and organized way of conducting and analyzing controlled tests to evaluate the factors 

that are affecting the response variable. The design of experiments specifies the 

particular setting levels of the combinations of factors at which individual runs in the 

experiment have to be conducted. Experimental design is an effective tool for maximizing 

the amount of information gained from a study while minimizing the amount of data to 

be collected, making the performed experiment highly efficient. This multivariable testing 

method investigates the effects of many different factors by varying them simultaneously 

instead of changing only one factor at a time. DoE allows estimation of the sensitivity to 

each factor and also to the combined effect of two or more factors. Because the factors 

are varied independently of each other, a casual predictive model can be determined. It 

must be kept in mind that the data obtained from observational studies or other data not 

collected in accordance with a design of experiments approach can only establish 

correlation, not causality [123]. 

The main uses of the design of experiments in fundamental research are discovering 

interactions among factors, screening several factors and optimizing an experimental 

system, although it is powerful in industrial applications and applied processes for 

establishing and maintaining quality control programs or designing robust manufacture 

processes. Interaction occurs when the effect on the response of a change in the level of 

one factor from low to high depends on the level of another factor. In other words, when 

an interaction between two factors exists, the combined effect of those two factors on 

the response variable cannot be predicted from the separate effects. The effect of two 

factors acting in combination can either be greater (synergy) or less (interference) than 

would be expected from each factor separately. 

Frequently there is a need to evaluate a process with many input variables and with 

measured output variables. Surface plasma treatments of materials is a clear example of 

a complex system in which there are many different input variables of factors related to 

the plasma treatment conditions (length of plasma exposure, gas composition, power 

applied, chamber residual pressure, voltage…), to the equipment configuration 

(electrodes gap, nature of plasma gases, power source frequency, chamber 

configuration…) or even to the substrate (composition, crosslinking degree, nature and 
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amount of fillers…). All these factors influence the response variable which could be the 

surface wettability, the oxygen or other species content on the treated surface, the 

surface topography, the surface energy, the adhesive strength, etc. However, it is 

important to note that not all variables affect the response in the same manner [121]. 

Some variables may have stronger influence on the output response, some may have 

medium influence and some may have no influence at all.  

If the amount of potential input variables is large, the number of tests or trials required 

would be excessive, even with designed experimental plans. Screening designs are used 

to reduce the number of factors by identifying the key ones that show the strongest 

effect on the response variable; this reduction allows to focus process improvement 

efforts on a few important factors, called “vital few” or “drivers”, providing an effective 

way to consider a large number of factors in a minimum number of experimental trials 

[124]. In screening designs, researchers are generally not interested to investigate the 

nature of interactions among the factors and therefore experiments usually involve only 

two levels of each factor. The final purpose of the screening design is to identify and 

separate out those factors that demand further investigation where interactions can be 

more thoroughly assessed.  

Screening design experiments are carried out by displaying an experimental matrix where 

each vector compounding is an experimental trial, and each component of these vectors 

is the level value of each factor, which is chosen between a low level (-) and a high level 

(+). Experimental matrix is built by permuting the levels of factors simultaneously (Figure 

1.51). The experimental array must be orthogonal, so it can contain 4, 8, 16, 32, 64, etc 

trials, taking in account that the number of vectors or trials must be at least N+1, where N 

is the number of factors studied [125]. The matrix is completed with additional columns 

containing the response value obtained for each vector, and solving the algebraic system 

for the variability in the response as a function of the level of each component, residuals 

of calculated coefficients by linear regression for each factor can give information about 

the input parameter that produce more significant effect on the response variable [126]. 

Some different statistical criteria can be followed to discriminate these factors, such as 

standardized normal plot or cumulative Pareto chart of effects [121]. 



Chapter 1. Introduction                                                                              José A. Jofre PhD Thesis 
 

88 
 

 

 

Figure 1.51 – 8-run orthogonal screening design experimental matrix. 

 

Once the “key factors” have been identified and the number of input variables has been 

reduced, there can be performed further experiments to know in deep how these factors 

influence on the response. This is one of the most useful features of the statistical design 

of experiments, and consists in carrying out a limited number of experiments changing 

the chosen factors values according to an experimental layout in order to find a model 

which describes the shape of the surface response as a function of any combination of 

values of the factors, providing information on which factors have curvature and on areas 

in the response where peaks and plateaus occur [127]. This surface response is obtained 

from polynomial equations of Taylor series approximations and multiple non-linear 

regressions statistical tools in order to find analytical models which describe the behavior 

of the system – equation (1.2) [128] 

 
      (1.2) 

 
where y is the output variable, x is the studied factor, β0 is the overall mean response, βi 

is the main effect for factor i, βij is the two way interaction between i and j factors, βijk is 

the three-way interaction between i, j and k factors, etc. This model leads to optimize the 

process conditions to obtain the best output performance, and even to predict the 

behavior of the system if any factor is modified. Usually, no higher degree of quadratic 

models is fitted. 
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There are many different experimental layouts to display an experimental plan for 

modeling such as Box-Behnken, Central Composite, Doehlert, Hadamard, etc. In general, 

better approached response surfaces are achieved for higher number of levels analyzed 

for each factor in the experimental layout [123], but lower number of experimental points 

is usually desired when time to perform one experiment is long or techniques to evaluate 

response are expensive. In this PhD thesis, a Doehlert design has been chosen because its 

ability to explore the whole of the domain and its spherical experimental domain with 

uniformity in space filling [129] (Figures 1.52a and 1.52b).  

 

  
(a) (b) 

Figure 1.52 – (a): Doehlert experimental design of two factors; (b): spherical domain of a complete Doehlert 

layout. 

 
Doehlert designs are easily applied to optimized variables and offer advantages over 

other experimental design layouts used in response surface analysis such as Central 

Composite or Box-Behnken, as they need fewer experiments, it can move through the 

experimental domain [130] and its potential when the experiments can be reused in case 

that the boundaries have not been well chosen at the beginning (Figure 1.53a). Other 

advantages of the Doehlert design are the possibility of adding another factor or 

displacing the design towards new experimental domain (Figure 1.53b), the different 

levels number for each different factor studied which is useful since usually studied 

ranges of different factors are not equal, and the constant interval between the different 

levels of the same factor. On the other hand, the Plackett-Burman statistical experimental 

design is very useful in screening the most important factors, but it is not considering the 

interaction effects between the variables [131]. 
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(a) (b) 

Figure 1.53 – (a): Modification of the Doehlert experimental domain by displacement to an adjacent region, 

in which four of the seven experimental points studied in the previous layout are also used; (b): Extension 

of a Doehlert experimental design from two to three factors, by including two planes in a third axis, 

maintaining the original two-factors design. 

 
To get successful experimental design all possible factors affecting the performance of 

the system have to be identified, and their level values must be chosen correctly. This first 

step is critical and to do it correctly the experimental process must be well know, so 

experienced researchers with good skills are required to obtain satisfactory results. In 

fact, sometimes preliminary studies following the OVAT method are useful to determine 

the working range of each factor for preventing the existence of factors which are 

important but they don’t produce significant effect in the studied range. 

 

1.8  - OBJECTIVES 

The motivation of this PhD thesis is a project for DisRas company carried out in the 2011 – 

2012 period at the Adhesion and Adhesives Laboratory of the University of Alicante 

(Spain). The project aim was the development of PDMS prostheses to correct ear position 

when they are too separated from the head. The prosthesis was intended for being 

placed at the back side of the ears, keeping attached them to the head through double 

side acrylic adhesive tapes for medical use joined to the two surfaces of the prosthesis 
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material (Figure 1.54). These prostheses had the problem that adhesive wasn’t well 

joined to the PDMS surface, and usually adhesive detachment from the prostheses 

remaining on the back side of the ear while the prosthesis remained attached to the 

head. Therefore, the target of the project was increase the adhesion of PDMS protheses 

to polar acrylic adhesive tape for medical use in an effective and permanent way. 

 

               

Figure 1.54 – (a): Ear correctors based on PDMS material [132]; (b) prosthesis fixed by acrylic medical 

adhesive between the ear and the back side of the head, keeping them closer [133]. 

 

Further investigation has been then developed within the scope of the COST action 

MP1101 “Biomedical Applications of Atmospheric Pressure Plasma Technology” funded 

by the European Cooperation in Science and Technology Council, and, thus, a  part of this 

study was carried out at École Nationale Superieure de Chimie de Paris – ParisTech and 

University Pierre et Marie Curie, within the Short Term Scientific Mission program. 

Several research approaches were outlined for the development of this PhD thesis, 

summarized in a specific number of general objectives: 

- To develop a systematic study on the effect of plasma surface treatments on 

silicone rubber material following a design of experiment approach, in order to 

optimize the parameters of the plasma treatment and reach optimal 

effectiveness. 

 
- To optimize the plasma treatment by finding the best treatment conditions to 

achieve stable modified surface properties on PDMS material, and modeling the 

effect of plasma treatment on the surface properties of PDMS. 
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- To obtain good adhesion in joints of treated silicone rubber and acrylic adhesive 

tape for medical use, with high durability. 

 

- To analyze and compare different plasma systems operating at different 

conditions and with different configurations, in order to develop new plasma 

treatments intended for surface modification of PDMS. 

 

- To control the surface properties of silicone elastomer and achieve specific 

functionalities by plasma coating depositions of thin film layers. 

To the best of our knowledge the objectives and the methodology followed in this study 

are novel and there are not references in the scientific literature on similar studies.  
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2.1 – EXPERIMENTAL TECHNIQUES 

 
2.1.1 – Infrared Spectroscopy in Attenuated Total Reflection mode (ATR-IR 

spectroscopy) 

Infrared spectroscopy (IR spectroscopy) was used to identify the chemical structure of the 

plasma treated PDMS.  

Attenuated total reflectance (ATR) mode was used. ATR consists in the total internal 

reflection of the IR beam on the PDMS surface resulting in an evanescent wave (Figure 

2.1). A beam of infrared light is passed through one ATR crystal or prism in such a way 

that it reflects at least once off the internal surface in contact with the PDMS sample. This 

reflection forms the evanescent wave which extends into the sample.  

 

Figure 2.1 - Light undergoes multiple internal reflections in a crystal of high refractive index, shown in blue. 

The sample (green) is in contact with the crystal [1]. 

 

http://en.wikipedia.org/wiki/Chemical
http://en.wikipedia.org/wiki/Total_internal_reflection
http://en.wikipedia.org/wiki/Total_internal_reflection
http://en.wikipedia.org/wiki/Evanescent_wave
http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Light
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The penetration depth into the sample is typically between 0.5 and 2 micrometres, with 

the exact value being determined by equation (2.1), in which the main parameters 

influencing the depth of penetration of IR beam are the wavelength, the angle of 

incidence of the IR beam and the refraction index of the ATR crystal (Figure 2.2). The 

number of reflections may be varied by changing the angle of incidence of the IR beam. 

The resulting beam is collected by a detector as it exits the crystal. Thus, this technique 

leads to examine samples directly in the solid or liquid state without further preparation. 
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Figure 2.2 - Depth of penetration of the IR beam into a sample in ATR-IR spectroscopy as a function of the 

wavenumber for different prisms: Germanium (n=4), ZnSe (n=2.6), Diamond (n= 2.4). 

 

In this study, the surfaces of the plasma-treated PDMS were characterized in FTIR 

spectrometer Alpha (Bruker Optik GmbH, Ettlinger, Germany) in ATR mode using a 

Germanium prism in the wavenumber range between 4000 and 600 cm-1. The angle of 

incidence of the IR beam was 45 degrees, and 60 scans were obtained and averaged with 

a resolution of 4 cm-1. 

 

http://en.wikipedia.org/wiki/Micrometre
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Liquid
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2.1.2 – Contact angle measurements 

Contact angle measurements were used in this study to assess the changes in wettability 

of the treated PDMS surfaces and for monitoring the extent of hydrophobic recovery in 

plasma treated PDMS. Figure 2.3 shows that a small contact angle is obtained when the 

liquid spreads on the surface, while a large contact angle is obtained when the liquid 

beads on the surface.  More specifically, a contact angle less than 90º indicates that 

wetting of the surface is favorable, and the fluid spreads over the surface, while contact 

angle values greater than 90º generally means that wetting of the surface is unfavorable. 

For superhydrophobic surfaces, water contact angle are usually 150º or greater, showing 

almost no contact between the liquid drop and the surface [2]. 

 

 

Figure 2.3 - Contact angles formed by sessile liquid drops on a solid surface [3]. 

 

To determine the effect of plasma treatment on PDMS wettability, contact angle were 

measured with bidistilled and deionized water, and with diodomethane. Measurements 

were carried out in ILMS 377 goniometer (GBX Instruments - Bourg de Pèage, France) and 

droplet shape was analyzed with Digidrop® software. Droplets of 4 ml volume were placed 

on the PDMS surface and in order to avoid evaporation of water from the droplets during 

measurement, they were placed in a closed chamber with saturated atmosphere of the 

water or dioodomethane vapour and the temperature was maintained constant at 25ºC 

by using a Peltier system. At least 5 droplets of water or dioodomethane were placed on 

different regions of the treated PDMS surface and values measured on both sides of the 

droplets were averaged. 

The surface energy and its dispersive and polar components of PDMS was obtained by 

applying the Owens-Wendt-Kaelble approach [4] – equations  2.2a and 2.2b. 
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(2.2a) 

  

 

(2.2b) 

 

where w and i are the water and diiodomethane contact angle values; γp
w and γd

w are 

the polar and dispersive components of the surface tension of water; γp
d and γd

d are the 

polar and dispersive components of the surface tension of diodomethane; and γp
s, γ

d
s and 

γt
s are the polar, dispersive and total surface energy of the PDMS respectively. 

 
2.1.3 – X-Ray Photoelectron Spectroscopy (XPS) 

XPS is able to quantify the chemical composition of the outermost surfaces (1-2 nm 

depth) of PDMS, and it allows to quantify the chemical composition of the surface and the 

oxidation state [5,6].  

K-Alpha Thermoscientific spectrometer (Thermo Fischer Scientific – Waltham MA, USA) 

with a Al-Kα X-Ray source (1486.6 eV) provided with a twin monochromator crystal was 

used for determining the atomic composition on the outermost surface of the plasma 

treated and coated PDMS surfaces. The equipment operates at 3 mA x 12 kV under ultra-

high vacuum conditions, with a base pressure lower than 2·10-9 Torr reached by a turbo-

molecular pump supported with a rotary pump. Moreover, curve fitting of C1s and  

Si2p3/2 photopeaks was carried out using a non-linear model with a combination of 

Gaussian and Lorentzian functions (30% and 70%, respectively) in order to determine the 

different oxidized species on the surface of the plasma treated PDMS. 

 
2.1.4 – Scanning Electron Microscopy (SEM) 

The morphology of the plasma treated and coated PDMS surfaces was analyzed in JEOL 

JSM-840 microscope (JEOL Ltd. – Tokyo, Japan), using an electron beam energy of 15 kV. 
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In order to obtain a good contrast, the samples were gold coated with SCD-004 metallizer 

(Oerlikon BALZERS – Liechtenstein).  

 
2.1.5 – Energy-Dispersive X-Ray Spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy, also called EDS or EDX, is an analytical technique 

used for elemental analysis or chemical characterization of materials [7]. 

The composition of the coatings on PDMS surfaces obtained by plasma polymerization 

and of some particles on the surface were studied in Hitachi S-3000-N Scanning Electron 

Microscope (Hitachi Ltd. – Tokyo, Japan) coupled with EDX analyzer provided with XFlash 

3001 X-Ray detector (Bruker Optik GmbH – Ettlingen, Germany). The energy of the 

electron beam was 20 kV and the samples were not gold coated. 

 
2.1.6 – Atomic Force Microscopy (AFM) 

In Atomic Force Microscopy the deflection of a cantilever is measured when the surface 

of a material is scanned. The tip is held within a few nanometers of the sample surface 

and the cantilever is bent due to Van der Waals forces between the tip and the surface 

[8]. Quantitative measurements of the surface roughness created by plasma treatments 

of PDMS were carried out by Atomic Force Microscopy in NTegra-Prima microscope (NT-

MDT Co. – Moscow, Russia), using nitride-silicon cantilever NSG-01 in semi-contact mode 

with an amplitude of 0.1 microns. 

 
2.1.7 – Confocal Optical Profilometry 

Optical profilometry is a non-contact technique that provides information about the 

surface profile and topography of materials and it is used for quantifying their roughness. 

The topography of the PDMS surfaces after coating by plasma deposition was assessed 

with laser scanning confocal profilometer LEXT OLS4000 (Olympus Corp. – Tokyo, Japan) 

using an objective lens MPLAPONLEXT 100x and zoom 8x; a sample area of 16x16 microns 

was scanned with a resolution of 1024x1024 pixels. 
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2.1.8 – Adhesion measurements 

To determine the influence of the plasma treatment on the adhesion properties of PDMS, 

T-peel tests and single lap shear tests on treated PDMS – acrylic adhesive joints were 

carried out. In both cases mechanical testing machine TA-TX2i (Stable Micro Systems – 

Surrey, UK) with load cell of 50 N was used (Figure 2.4); the pulling rate was 1 mm/s.  

Adhesive
tape

PDMS 
sample

Fixed
clamp

Movable
clamp

Single-lap
joint

Fixed
clamp

 

(a)                                                                                         (b) 

 

Figure 2.4 - Detail of adhesive joints used for: (a) single-lap shear; and (b): T-peel adhesion measurements. 

 

Acrylic adhesive tape for medical use was supported on cellulose strips of 20 x 100 mm, 

and then the free-side of the adhesive was joined to PDMS specimens cut with the same 

dimensions, in order to produce the adhesive joints. For single-lap shear adhesive joints, 

the overlapped area was 20 x 20 mm. The time between plasma treatment of PDMS and 

joint formation was 2 minutes, but it was extended up to 24 hours when the effect of 

hydrophobic recovery on adhesion properties was studied. To ensure a good and 

homogeneous contact between the adhesive and plasma-treated PDMS film, a cylindrical 

rod applying pressure manually was rolled on the joints and four passes were carried out. 

Adhesion was measured at different times elapsed after plasma treatment and joining in 

order to assess the stability of the surface modifications of PDMS. 
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2.1.9 – Stress – strain measurements (Mechanical tests) 

In order to determine the differences in crosslinking degree of the PDMS materials used 

in this study, stress-strain measurements were carried out in Instron 4411 universal 

testing machine (Instron Corp., Norwood, MA, USA) at 22 ºC and 38% relative humidity, 

by using a pulling rate of 50 mm/min. This equipment has a load cell of 5 kN, and it is 

provided with a mechanical extensometer. In this study, specimens were cut from the 

PDMS film using an iron die, according ISO 37 standard, type 2, intended for elastomeric 

materials. Five replicates for each material were measured and averaged. 

 
2.4.10 – Tack measurements 

Tack is the property of soft adhesives (or other sticky materials) to form a bond of 

measurable strength with the surface of another material upon brief contact and under a 

certain pressure (specially in PSA’s) [9]. Tack is defined as the energy required to separate 

two materials placed in contact for a short time under a light pressure. For measuring 

tack, a cylindrical probe is pressed under controlled pressure on the adhesive tape and it 

is withdrawn at constant speed after a given contact time between the probe and the 

tape [10]. The force necessary for the separation (debonding) is measured as a function of 

strain, and the energy of adhesion is determined considering the contact area of the 

probe (Figure 2.5). Typical tack plots show a sharp stress maximum and adhesive 

debonding at low strain, both depending on the elastic properties of the adhesive and its 

adhesion to the probe material. Afterwards, debonding are produced by cavitation and 

high strain is obtained for tough polymers with yielding or plastic deformation, forming 

and growing of fibrils which debond from the probe surface by adhesive fracture [11].  

The tack of the acrylic adhesive tape for medical use was measured in Texture Analyzer 

TA-TX2i (Stable Micro Systems – Surrey, UK). A cylindrical flat probe of 5 mm diameter 

made in stainless steel was used, and measurements were carried out by applying a force 

of 5 Newtons for 5 seconds to the pressure-sensitive adhesive tape, followed by pulling 

off at probe speed of 10 mm/s. 
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Figure 2.5 - Typical tack curve of soft adhesive showing all debonding steps [12]. 

 

2.2 – MATERIALS 

 
2.2.1 – Polydimethylsiloxane (PDMS) 

Two silicone rubber films obtained from two different one component – RTV 

polydimethylsiloxane with different degree of crosslinking (according to the 

manufacturer) were used in this study for surface modification by plasma treatment. The 

two PDMS materials were Elastosil® E-41 and Elastosil® E-43N (Wackers Chemie AG, 

Munchen, Germany) with high and low crosslinking degree, respectively. Table II-I shows 

some properties of these PDMS materials obtained from their technical datasheets. 

According to Table II-I, Elastosil® E-43N is softer and tougher than Elastosil® E-41 due to 

its lower degree of crosslinking.  

PDMS films of 1 mm thick (Figure 2.6) were obtained by placing 50 g of prepolymer in flat 

polytetrafluoroethylene (PTFE) mold of 100x100 mm size allowing curing for 2 weeks at 

room conditions, in order to ensure that full polymerization is produced. 
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Table II-I. Some properties of the PDMS materials obtained from their technical datasheet [13,14]. 

PROPERTY METHOD UNITS 
PDMS MATERIAL 

Elastosil® E-41 Elastosil® E-43N 

Density (23ºC) ISO 2781 g/cm3 1.10 1.10 

Shore A hardness ISO 868 ºShore 30 35 

Elongation at break ISO 37 % 450 750 

Tensile strength ISO 37 N/mm2 6.5 6.0 

Tear strength ASTM D624 N/mm 9.5 12 

 

 

 

Figure 2.6 - PDMS film obtained after vulcanization process. 
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Figure 2.7 - Stress-strain curves of PDMS films with different degree of crosslinking.  
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Table II-II. Mechanical properties of the PDMS films with different degree of crosslinking. 

PARAMETER Elastosil® E-41 Elastosil® E-43N 

Elongation at break   (%) 410 680 

Tensile strength        (MPa) 6.4 4.9 

Young’s modulus      (MPa) 2.0 0.4 

 

Since the mechanical properties of the silicone rubbers are related to their degree of 

crosslinking, i.e. the higher is the degree of crosslinking, the higher is the Young’s 

modulus [15], the mechanical properties of the two PDMS films were determined by 

stress-strain tests. Figure 2.7 and Table II-II shows that Elastosil® E-41 has higher 

mechanical properties than Elastosil® E-43N. The values of tensile strength and 

elongation at break are slightly lower than those given by the supplier, but the PDMS with 

higher degree of crosslinking (Elastosil® E-41) has higher Young’s modulus and tensile 

strength, and lower elongation at break than Elastosil® E-43. 
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Figure 2.8 - ATR-IR spectra of the PDMS films with different degree of crosslinking (Blue: Elastosil® E41; red: 

Elastosil® E43N). 
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Table II-III. Assignment of the main absorption bands in the ATR-IR spectra of the PDMS films. 
 

Wavenumber (cm-1) Chemical bond 

2955 C-H st (-CH3) 

1409 (Si-)CH3 δ asymm. 

1256 (Si-)CH3 δ symm. 

1076 Si-O-Si st. symm. 

1014 Si-O-Si st asymm. 

862 Si(CH3)2 st 

793 Si-C sim st 

700 Si-C st 

 

 

Figure 2.8 shows the ATR-IR spectra of the PDMS films, and they show the same bands 

(Table II-III). The PDMS with higher degree of crosslinking (red spectrum) shows higher 

intensity of the bands corresponding to Si-O-Si bonds stretching, indicating higher ratio of 

siloxane bonds with respect to silicon-methyl groups (793 cm-1). 

 

 

2.1.2 – Acrylic adhesive tape 

Different adhesive tapes intended for medical applications were tested in order to find 

the most suitable for use in contact with human skin but having strong adhesion to both 

the skin and the PDMS surfaces; furthermore, the adhesive tape has to be easily removed 

without leaving adhesive residue. For determining these properties, tack measurements 

were carried out in the adhesive tapes, and the curves obtained are compared in Figure 

2.9.  

Figure 2.9 shows that most adhesive tapes show similar elastic properties (slope of the 

curves just at the beginning of the curve and before cavitation), except adhesive 5 which 

has lower elastic modulus; moreover, this adhesive shows the lowest tack. Adhesive tape 

4 shows better performance, but its maximum tack is not enough for the application as 

values around 1 MPa are required; this value is achieved by adhesive tapes 1, 2 and 3. 

Adhesive tape 3 shows severe fibrillation leaving some residues on the substrate upon 

removal. Adhesive tapes 1 and 2 have good performance, but the narrow tack curve in 
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adhesive tape 1 suggests higher stiffness than in adhesive tape 2, and moreover it has 

polyethylene carrier reducing its flexibility to adapt to the skin. On the other hand, 

adhesive 2 is an acrylic adhesive which does not contain carrier but it is a transfer 

adhesive, i.e. a thin and soft adhesive film to be placed directly on the surface to stick 

(Figure 2.10). The acrylic nature of adhesive 2 is evidenced in the ATR-IR spectrum of 

Figure 2.11 in which typical bands at 1733, 1238, 1164, 1109 and 1062 cm-1 can be 

distinguished. Therefore, the adhesive tape for medical use chosen in this study was 

adhesive tape 2 (3M Co. – St. Paul MN, USA). 
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Figure 2.9 - Tack measurements of different adhesive tapes intended for medical use.  

 

 

 

Figure 2.10 - Acrylic adhesive tape 3M-1524 used in this study.  
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Figure 2.11 - ATR-IR spectrum of acrylic adhesive tape 2 for medical use. 

  

Table II-IV. Assignment of the main absorption bands in the ATR-IR spectrum of acrylic adhesive tape 2. 

Wavenumber (cm-1) Assignment 

2956, 2929 C-H st (-CH3) 

2871 C-H st (-CH2-) 

1733 C=O st (asym.) 

1456 -CH3 δ 

1384 -CH3 st (sym.) 

1238 C-O st (sym.) 

1164 C-O st (asym.) 

1109 C-O-C δ 

1062 C-O-C st (asym.) 
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3.1. INTRODUCTION 

The influence of the plasma treatment conditions on the surface modifications of PDMS 

and their stability have been studied extensively [1-8], and it has been demonstrated that 

the extent of the hydrophobic recovery depended on the experimental parameters of the 

plasma treatment including the length of treatment [4-7], the power [1,7-8], the nature of 

the gas used for producing the plasma [2-3,5,7,9], the residual pressure [1,6], and the 

extent of crosslinking of PDMS [10-11], among other. In this study a statistical design of 

experiments methodology was used for finding the optimal experimental conditions for 

low-pressure plasma (LPP) treatment of PDMS able to produce noticeable increase in 

surface polarity and adhesion, minimizing at the same time its hydrophobic recovery. 

Most relevant experimental parameters of the LPP treatment of PDMS were studied 

simultaneously, and once the optimal conditions were obtained, the LPP treated PDMS 

surface was characterized, and its adhesion to acrylic adhesive tape and the extent of 

hydrophobic recovery with time under open air were studied as well. Furthermore, in this 

study different mixtures of argon and oxygen for LPP treatment of PDMS were used; the 

use of LPP plasmas of these mixtures has not been considered yet for PDMS in the 

existing literature.  

 

3.2. OBJECTIVES 

In this chapter, the influence of several experimental parameters on the surface 

modifications and hydrophobic recovery of low-pressure RF plasma treated PDMS was 
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analyzed, and the LPP plasma treatment conditions which showed higher influence on the 

surface modifications of PDMS were optimized throughout the use of design of 

experiment tool. More precisely, the specific objectives of this chapter are as follow: 

- Determine the key parameters of the LPP which affect more the stability of the 

surface modifications produced on PDMS. 

- Study the modifications produced on the LPP treated PDMS under different 

experimental conditions. 

- Find the optimal experimental conditions of the LPP treatment able to produce 

the optimal modifications of the surface properties and adhesion of PDMS. 

- Determine the stability of the surface modifications and adhesion properties of 

APPJ treated PDMS by monitoring the hydrophobic recovery with water contact 

angle measurements over the time. 

 

3.3. EXPERIMENTAL 

Plasma treatment of PDMS with RF (13.56 kHz) low-pressure plasma (LPP) was carried out 

in BSETEQ NT-1 Supersystem equipment (BSETEQ, Pittsburg, PA, USA) using different 

oxygen-argon mixtures (99.999% purity, Abelló-Linde, Barcelona, Spain) (Figure 3.1).  

 

  

(a) (b) 

Figure 3.1 - (a) Photo of the low-pressure plasma equipment; (b) detail of the plasma chamber with the 

electrodes and floating shelves. 
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LPP plasma equipment consists in vacuum reactor chamber where low pressure is 

achieved by means of Edwards E2M1.5 vacuum pump (Edwards Ltd. – West Sussex, UK). 

The plasma chamber reactor has three shelves, two corresponding to the electrodes for 

plasma generation (power and ground electrode) and another floating shelf for placing 

the sample. The height and the relative position of the shelves inside the reactor chamber 

can be varied, and depending on their configuration the primary plasma generated is 

carried out as direct plasma or reactive-ion etching plasma. Moreover, by positioning the 

floating shelf outside of the other electrodes, secondary plasma in downstream mode can 

be generated. Figure 3.2 shows a scheme of the plasma chamber configuration in direct 

plasma mode which was the configuration used in this work. 

 

 

RF power
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stream
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Figure 3.2 - Scheme of the low-pressure plasma system in direct plasma configuration. 

 

The different parameters used in this study that determine the effectiveness of the LPP 

treatment were the gas composition, which can be varied by controlling the gas flow of 

the two flow controllers, the power of the RF source, the length of treatment, the 

residual pressure inside the plasma chamber, the distance between the power and the 

ground shelves, the distance between the PDMS surface and the plasma source, and the 

degree of crosslinking of the PDMS. 
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3.4. RESULTS AND DISCUSSION 

3.4.1 - Survey screening of the key parameters in LPP treatment of PDMS 

In order to find the most relevant experimental conditions during LPP treatment of PDMS 

affecting more the surface modification and minimizing hydrophobic recovery, the 

screening of all seven LPP process variables simultaneously at two levels of values was 

carried following the Plackett-Burman layout. According to Table III-I, the seven 

experimental variables during LPP treatment of PDMS were the power supplied by the RF 

power source to ionize the plasma gas (A), the length of the LPP treatment (B), the 

residual pressure in the plasma chamber controlled by the flow rate of the inlet gases (C), 

the composition of plasma gas - mixtures of oxygen and argon - (D), the crosslinking of 

the PDMS (E), the distance between the PDMS surface and the power electrode (F), and 

the distance between the power and the ground electrodes (G).  

 
Table III-I. Experiments performed in Plackett-Burman layout screening design to find the key experimental 

parameters in the LPP treatment of PDMS. 

Run 
A 

[W] 

B 

[min] 

C 

[mTorr] 

D 

[%O2-Ar] 

E 

 

F 

[cm] 

G 

[cm] 

Ɵ (0h) 

[deg] 

Ɵ (24h) 

[deg] 

1 100 1 200 80-20 low 4.8 12.4 1±1 70±3 

2 100 5 200 20-80 high 2.3 12.4 17±2 53±1 

3 100 5 600 20-80 low 4.8 7.5 14±1 87±2 

4 25 5 600 80-20 low 2.3 12.4 13±1 83±2 

5 100 1 600 80-20 high 2.3 7.5 9±2 101±4 

6 25 5 200 80-20 high 4.8 7.5 11±1 67±2 

7 25 1 600 20-80 high 4.8 12.4 8±1 86±1 

8 25 1 200 20-80 low 2.3 7.5 5±1 62±1 

 

The water contact angle values on the LPP-treated PDMS surface, both just after 

treatment (0h) and 24 hours after treatment (24h) were chosen as response variables in 

the statistical experimental design to evaluate the relative influence of each factor (i.e. 

experimental parameter in the LPP treatment of PDMS). 
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The relative influence of each factor on the effectiveness of the LPP treatment of PDMS 

surface is shown in Figure 3.3 in which its dependence on the response variable (i.e. 

water contact angle values) is shown. The length of plasma treatment is the most 

important factor determining the wettability on the LPP-treated PDMS surface just after 

treatment; furthermore, the statistical experimental design analysis gives a positive 

regression coefficient for the wettability, indicating that the PDMS surface treated with 

LPP for 5 minutes is less hydrophilic than the one treated for 1 minute, likely due to 

overtreatment, in agreement with previous studies [6-7]. On the other hand, if the water 

contact angle value measured 24 hours after treatment is taken as response variable, an 

increase with respect to the value on the just treated PDMS is obtained for all factors 

indicating hydrophobic recovery; however, the parameter inhibiting more hydrophobic 

recovery of the LPP treated PDMS surface is the residual pressure in the chamber during 

plasma treatment.  
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Figure 3.2 - Relative influence of each parameter and percentage of hydrophobic recovery of LPP treatment 

on the wettability of PDMS immediately and 24 hours after treatment.  

 

The percentage of hydrophobic recovery on PDMS surface within 24 hours after LPP 

treatment was calculated as the relative increase in the water contact angle values 

measured immediately and 24 hours after LPP treatment. According to Figure 3.3 the 

residual pressure is the most important factor which minimizes the hydrophobic recovery 
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on LPP-treated PDMS surface, although the length of treatment, the gas composition and 

the power are also relevant parameters. Although these experimental parameters affect 

the wettability on the LPP-treated PDMS surface 24 hours after treatment, the power 

does not in the just LPP-treated PDMS surface. On the other hand, the crosslinking of 

PDMS shows noticeable effect on the water contact angle value measured just after LPP 

treatment, but unexpectedly it has not an influence on hydrophobic recovery. 

Furthermore, the distance between the PDMS surface and the power electrode has minor 

effect on wettability and hydrophobic recovery of LPP-treated PDMS. 

 
3.4.2 - Effect of the residual pressure in the plasma chamber 

Since the key experimental parameter of LPP treatment of PDMS surface inhibiting more 

hydrophobic recovery is the residual pressure in the plasma chamber, the water contact 

angle values measured 24 hours after LPP treatment were monitored by changing the 

residual pressure and fixing the rest of the parameters at intermediate values; the 

potential mislead information obtained from these experiments are assumable as long as 

the effect of the residual pressure is huge as compared with that of the rest of the 

experimental parameters in the LPP treatment (Figure 3.3). Figure 3.4 shows the variation 

of the water contact angle values on the LPP-treated PDMS as a function of the residual 

pressure during treatment. For residual pressure below 300mTorr the water contact 

angle value does not vary significantly and they are low, whereas for residual pressure 

above 400mTorr fast hydrophobic recovery is produced. Therefore, the residual pressure 

during LPP treatment of PDMS for inhibiting hydrophobic recovery should be 300 mTorr 

or lower. 
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Figure 3.4 - Variation of the water contact angle values measured after 24 hours on LPP-treated PDMS 

surface as a function of the residual pressure in the plasma chamber. 

 

3.4.3 - Effect of the power and the length of treatment during LPP treatment 

The residual pressure was set at 300 mTorr and the influence of other key experimental 

parameters (length of treatment and power mainly) on the effect of LPP treatment on the 

surface modifications of PDMS and their stability over time were studied simultaneously 

by following Doehlert experimental design (Figure 3.5). The distance between the 

electrodes and the PDMS surface distance to the power electrode were fixed at 10 cm 

and 5 cm, respectively, and the PDMS material with higher degree of crosslinking was 

used. The length of treatment was varied between 30 and 150 seconds, and the power 

was changed between 10 and 50 watts. Later, the experimental points placed in the mid-

plane of the spherical experimental domain, where the gas composition is constant 

(mixture of 50vol% Ar and 50vol% O2) - right side of Figure 3.5 -, were analyzed to 

determine the existence of interactions between both parameters (it was shown 

elsewhere [14,15]). 
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Figure 3.5 -  Doehlert experimental plan for LPP treatment of PDMS varying the length of treatment, the 

power and the gas composition (left), and experimental domain of the mid-plane region showing the range 

of values chosen (right). 

 

The surface energy of LPP treated PDMS surface obtained from the water and 

diiodomethane contact angle values measured 24 hours after treatment was chosen as 

response variable for determining the optimal values of the length of treatment and the 

power. The water ( w) and diiodomethane ( i) contact angle values measured on the 

untreated and LPP treated PDMS surface at different length of treatment and power are 

shown in Table III-II in which the values of the polar, dispersive and total surface energy 

(
p
, 

d
 and 

t, respectively) are also given.  

 

 

 

 

 

 

 

 

 



José A. Jofre - PhD Thesis                                                      Chapter 3. Low-Pressure RF Plasma 
    

135 
 

Table III-II. Values of contact angles and surface energies of untreated and LPP treated PDMS surface at 

different power and length of treatment. 

Time 

[s] 

Power 

[W] 

Ɵw 

[deg] 

Ɵi 

[deg] 

Ɵp 

[mJ/m2] 

Ɵd 

[mJ/m2] 

Ɵt 

[mJ/m2] 

Untreated Untreated 117±0 73±0 0 19.4 19.4 

30 20 54±0 44±1 21.1 27.2 48.3 

30 40 43±1 46±1 32.3 23.5 55.8 

90 10 33±0 45±1 38.5 23.0 61.5 

90 30 31±1 48±1 40.9 21.3 62.2 

90 50 35±1 35±1 36.9 23.4 60.3 

150 20 27±1 46±0 42.8 22.0 64.8 

150 40 30±1 46±1 40.2 22.8 63.0 

 

Figure 3.6a shows the surface response plot obtained for the variation of the length of 

treatment and the power on the LPP treated PDMS surface energy, and Figure 3.6b shows 

the curve levels plot of iso-response. Both figures show that the highest surface energy 

values correspond to the LPP treatment of PDMS carried out for long length of treatment 

and low power. The increase in surface energy is mainly due to the increase in the polar 

component of the surface energy, and the dispersive component of the surface energy is 

not varying noticeably irrespective of the LPP treatment conditions. Moreover, the 

gradient of the response surface in Figure 3.6a indicates that the incidence of the length 

of treatment is higher than that of the power, in accordance with the results shown in 

Figure 3.3. Furthermore, the gradient changes along the response surface indicates an 

interaction between the length of treatment and the power, i.e. the effect of one 

parameter on the effectiveness of LPP treatment of PDMS surface depends on the value 

of the other. 
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Figure 3.6a - Surface response plot of LPP treated PDMS surface at different values of length of treatment 

and power. Surface energy is used as response variable.  
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Figure 3.6b - Optimal values of power and length of LPP treatment maximizing the surface energy on PDMS 

24 hours after treatment.  

 

The interaction between the length of treatment and the power is better observed in 

Figure 3.7 in which the variation of the surface energy with time on the LPP treated PDMS 

surface is not parallel and even they cross. This interaction is also observed when the 
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oxygen-carbon ratio obtained from XPS is used as response variable (Figure 3.7). 

According to Figure 3.7, high power values produce higher surface energy on the LPP 

treated PDMS surface when short treatment is carried out and, vice versa, higher surface 

energy value is obtained using low power for long length of treatment. Although the 

interaction between the power and the length of treatment is also observed for the 

oxygen-carbon ratio, the LPP treatments producing higher O/C values in the treated 

PDMS surface are the ones showing lower surface energies. This contradictory trend can 

be explained by curve fitting (70% Lorentz – 30% Gauss mixed-model was used) of the 

Si2p3/2 photopeak of the LPP treated PDMS surface.  
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Figure 3.7 - Influence of the length of LPP treatment of PDMS surface at different values of power on the 

surface energy values and on the oxygen-carbon (O/C) ratio obtained by XPS.  

 

Figure 3.8 shows the curve fitting of the Si2p3/2 photopeak of LPP treated PDMS at 

different values of length of treatment and power. Three contributions can be 

distinguished at binding energies of 102.1 eV, 102.8 eV and 103.4 eV corresponding to 

SiO2(CH3)2, SiO3(CH3) and SiO4 species respectively [11,18]. Figure 3.8 and Table III-III show 

that the Si2p3/2 photopeak of the LPP treated PDMS surface with lower oxygen/carbon 

ratio value (i.e. 20 W and 150 s) has higher content of SiO4 species. Furthermore, the 

PDMS surface treated with LPP at low power and long length of treatment shows the 

smallest hydrophobic recovery, likely due to the crosslinking caused by the silica-like layer 

on the surface which prevent the reorientation of the oxidized species towards the PDMS 
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bulk and the migration of low molecular weight non-polar species from the bulk to the 

surface as well.  

 

Figure 3.8 - Curve fitting of Si2p3/2 photopeak on LPP treated PDMS surface at different values of power and 

length of treatment. XPS experiments. 

Table III-III. Atomic percentages of the species, O/C and O/Si values obtained from the curve fitting of 

Si2p3/2 photopeak of LPP treated PDMS surface. XPS experiments. 

Power 

[W] 

Time 

[s] 

(CH3)2SiO2 

[at%] 

CH3SiO3 

[at%] 

SiO4 

[at%] 
O/C O/Si 

20 30 62.7 1.9 35.4 1.1 1.9 

20 150 38.8 0 61.2 0.8 2.7 

40 30 62.0 3.5 34.5 1.1 1.6 

40 150 76.3 1.1 22.6 0.8 1.4 

Untreated Untreated 88.3 0.0 11.7 0.5 1.4 
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In the LPP treated PDMS surfaces with higher O/C ratios, the oxygen species may have 

been placed under a few monolayers during hydrophobic recovery, and therefore they 

can be detected with XPS but not with water contact angle measurements. Moreover, the 

O/C ratio may increase by rising the oxygen content on the LPP treated PDMS surface 

and/or by leaving off methyl groups. On the other hand, the O/Si ratio seems more 

reliable for analyzing the extent of hydrophobic recovery on LPP treated PDMS (the 

stiochiometric atomic content of silicon in PDMS is quite similar to the experimental one). 

Furthermore, the LPP treated PDMS surface at high power for longer time shows lower 

content of fully oxidized silicon species, i.e. SiO4 species, which could be an indication of 

ablation caused likely by the use of too aggressive treatment conditions. 

 

3.4.4 - Effect of the gas composition (argon + oxygen mixtures) on LPP treatment 

For analyzing the effect of the gas composition of plasma, i.e. mixtures of argon and 

oxygen, on the surface modifications and their stability over time on PDMS surface, the 

power was set to 25 W and the length of treatment was varied. The response variable 

used was the water contact angle value measured 24 hours after LPP treatment. Figure 

3.9 shows the surface response of the water contact angle values on LPP treated PDMS 

surface as a function of the gas mixture composition and the length of treatment. Longer 

treatments with LPP enriched in oxygen produce more stable hydrophilic PDMS surfaces, 

whereas the treatments with argon-enriched plasmas cause more stable hydrophilic 

surfaces for lengths of treatment of 60–90 seconds; longer lengths of treatment with 

argon-enriched plasmas produce more hydrophobic PDMS surfaces 24 hours after LPP 

treatment. This trend is due to the lower ionization energy required by argon than by 

oxygen and to the high energy of the ions generated in argon plasma [17] which may 

produce overtreatment for lengths of treatment longer than 90 seconds. On the other 

hand, the treatment of PDMS surface with oxygen-enriched plasma creates more polar 

groups than with argon-enriched plasma, and the optimal stability of the polar groups is 

obtained by treatment with 93vol% oxygen + 7vol% argon plasma during 120 seconds 

(Figure 3.9).  
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Figure 3.9 - Surface response of the water contact angle values measured 24 hours after treatment on LPP 

treated PDMS surface as a function of the length of treatment and the composition of the gas mixture. 

 

The chemcial modifications in the PDMS surface treated with oxygen, argon and 

oxygen+argon plasmas at 25 W and 120 seconds were analyzed by using ATR-IR 

spectroscopy. Under the experimental conditions used in this study, the depth of the 

PDMS surface analyzed by ATR-IR spectroscopy is about 1 micron. Figure 3.10a shows the 

ATR-IR spectra of untreated and LPP treated PDMS surfaces and the main absorption 

bands due to PDMS can be observed. The bands at 1082 and 1016 cm-1 correspond to 

simmetric and asimmetric stretching of siloxane (Si-O-Si) respectively, the band at 1260 

cm-1 corresponds to bending of Si-CH3 group and the band at 795 cm-1 corresponds to 

stretching of Si-(CH3)2 group [18]. According to Figure 3.10a, the treatment with oxygen or 

argon plasmas increases slightly the intensity of the siloxane absorption bands with 

regard to the untreated PDMS indicating that the chemical modification are produced on 

the outermost surface; however, the treatment with 93vol% oxygen + 7vol% argon 

plasma produces an increase of the intensity of the siloxane band likely due to the 
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creation of thicker silica-like layer likely caused by deeper PDMS surface modification. 

These trends can be better distinguished from the Si-O/Si-CH3 ratio that is given in Table 

III-IV. Moreover, since the formation of the crosslinked silica-like layer on the PDMS 

surface is produced via hydroxilation of silicon atoms, the treatment of PDMS with 

93vol% oxygen + 7vol% argon plasma produces higher content of hydroxyl groups with 

respect to the treatment with oxygen ot argon plasmas, as it can be noticed in the higher 

intensity of the broad OH band in the 3000-3600 cm-1 region of the ATR-IR spectrum 

(Figure 3.10b). 

 
Table III-IV. Si-O/Si-CH3 ratio in the ATR-IR spectra of untreated and LPP treated PDMS. 

Mixture composition 

[vol%O2-vol%Ar] 
Si-O/Si-CH3  

0-100 0.54 

93-7 0.66 
100-0 0.53 
Untreated 0.52 
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Figure 3.10a - ATR-IR spectra of untreated and LPP treated PDMS using argon, oxygen and mixture of 

93vol% oxygen and 7vol% argon. Power : 25 W; length of treatment : 120 s. 
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Figure 3.10b - ATR-IR spectra of untreated and LPP treated PDMS using argon, oxygen and mixture of 

93vol% oxygen and 7vol% argon. Power : 25 W; length of treatment : 120 s. Hydroxyl groups region in the 

ATR-IR spectra. 

 

The chemical composition on the outermost PDMS surface treated with oxygen, argon 

and 93vol% oxygen + 7vol% argon was obtained by XPS. PDMS surface treated with argon 

plasma has higher oxygen content than the one treated with oxygen and 93vol% oxygen + 

7vol% argon (Table III-V); however, the curve fitting of the Si2p3/2 photopeaks (Figure 3.11 

and Table III-VI) shows that the argon LPP treated PDMS surface possesses higher amount 

of non-oxidized PDMS species, i.e. (CH3)2SiO2 (38.9at%) than in oxygen (30.3at%) and 

93vol% oxygen + 7vol% argon (24.3at%) plasma-treated PDMS surface. The lower content 

of non-oxidized siloxane species in the 93vol% oxygen + 7vol% argon LPP treated PDMS is 

an indication of the existence of a thicker silica-like layer, in agreement with the higher 

intensity of the Si-O bands at 1082 and 1016 cm-1 and OH band in the ATR-IR spectrum 

(Figures 3.10a and 3.10b). 
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Table III-V. Chemical surface composition of untreated and LPP treated PDMS surface with argon, oxygen 

and mixture of 93vol% oxygen and 7vol% argon. XPS experiments. 

Mixture composition 

[vol%O2-vol%Ar] 

C 

[at%] 

O 

[at%] 

N 

[at%] 

Si 

[at%] 

O/C O/Si 

 

0-100 32.5 42.3 0.3 24.9 1.3 1.7 
93-7 38.5 38.9 0.2 22.4 1.0 1.7 
100-0 38.0 38.4 0.0 23.6 1.0 1.6 
Untreated 53.9 26.6 0.2 19.3 0.5 1.4 
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Figure 3.11 - Curve fitting of Si2p3/2 photopeak on LPP treated PDMS surface with argon (a), mixture of 

97vol% oxygen + 7vol% argon (b) and oxygen (c). XPS experiments. 

 

Table III-VI. Atomic percentages of the species and O/C and O/Si values obtained from the curve fitting of 

Si2p3/2 photopeak of LPP treated PDMS surface with argon, oxygen and mixture of 93vol% oxygen and 

7vol% argon. XPS experiments. 

Mixture composition 

[vol%O2-vol%Ar] 

(CH3)2SiO2 

[at%] 

CH3SiO3 

[at%] 

SiO4 

[at%] 

0 – 100 38.9 0.2 60.9 
93 – 7 24.3 9.8 65.9 
100 - 0 30.3 4.3 65.4 
Untreated 88.3 0.0 11.7 
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The extent of ablation produced on the PDMS surface by treatment with LPP can be 

evaluated by monitoring the weight loss after treatment. The weight losses in the LPP 

treated PDMS were referred to the surface area of each sample (Table III-VII). The highest 

weight loss is produced in the argon LPP treated PDMS because more important etching 

is produced. Treatment of PDMS surface with 93vol% oxygen + 7vol% argon plasma 

produces moderate etching but higher degree of oxidation (according to the surface 

chemical composition obtained with XPS). 

 
Table III-VII. Weight loss in PDMS after different LPP plasma treatments. 

Mixture composition  

[vol%O2-vol%Ar] 

Weight loss per surface area 

[mg/cm2] 

0-100 0.050 
93-7 0.040 
100-0 0.035 

 

The changes on the PDMS surface topography caused by treatment with 93vol% oxygen + 

7vol% argon plasma at 25 W and 120 seconds were evaluated by SEM and AFM. SEM 

micrographs (Figure 3.12) shows the formation of few cracks on the LPP treated PDMS 

surface due to the brittleness of the silica-like layer generated on its surface. Figure 3.13 

shows the AFM micrographs of the untreated and LPP treated PDMS surface. Ablation of 

the 93vol% O2 + 7vol% Ar LPP treated PDMS surface is observed and the presence of small 

thin nanocracks can also be distinguished. Because of ablation, the average surface 

roughness value of PDMS decreases from 33 nm (untreated) to 26 nm in the 93vol% O2 + 

7vol% Ar LPP treated PDMS, confirming the combined effect of oxidation and ablation 

produced by 93vol% oxygen + 7vol% argon plasma treatment. 
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Figure 3.12 - SEM micrographs of untreated and 93vol% O2 + 7vol% Ar LPP treated PDMS surface at 25 W 

for 120 seconds. 
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Figure 3.13 - AFM micrographs of untreated and 93vol% O2 + 7vol% Ar LPP treated PDMS surface 

at 25 W for 120 seconds. 
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3.4.5 – Hydrophobic recovery in LPP treated PDMS 

The influence of the LPP treatment with different oxygen and argon mixtures on the 

hydrophobic recovery of the PDMS surface was monitored by measuring the water 

contact angle values on the treated surfaces stored under open air for two weeks. Figure 

3.14 shows a fast initial increase in water contact angle value up to 35 degrees during 12 

hours after treatment in all LPP treated PDMS surfaces irrespective of the gas 

composition of the plasma. However, for longer time after treatment the rate of increase 

in water contact angle value, or in hydrophobic recovery, depends on the gas composition 

of the plasma. Thus, the oxygen LPP treated PDMS surface suffers faster hydrophobic 

recovery than the argon LPP treated one, although after seven days both reach similar 

water contact angle values. The hydrophobic recovery in the 93vol% O2 + 7vol% Ar LPP 

treated PDMS is the slowest one and even 14 days after treatment the water contact 

angle value is 10 degrees lower than for the other LPP treated PDMS surfaces.  

 

Figure 3.14 - Variation of the water  contact angle values (25ºC) on PDMS surface treated with oxygen, 

argon and different oxygen and argon mixtures low-pressure plasmas as a function of the time after 

treatment. 25W, 300mbar, 120s.  
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Hydrophobic recovery was also monitored by following the variation in surface chemistry 

on the LPP treated PDMS surfaces. Table III-VIII shows the chemical composition on the 

PDMS surface treated with low-pressure plasmas of oxygen, argon and different oxygen 

and argon mixtures measured 14 days after treatment. All LPP treatments show lower 

carbon and higher oxygen content than in the untreated PDMS, the highest O/C ratio 

corresponds to the treatment with 93vol% O2 + 7vol% Ar plasma. Furthermore, the silicon 

content in all LPP treated PDMS surfaces is higher than for the untreated PDMS likely due 

to the creation of the silica-like layer. Figure 3.15 shows the silicon species content 

obtained 14 days after treatment from the curve fitting of Si2p3/2 photopeaks of the 

untreated and oxygen, argon and different oxygen and argon mixtures low-pressure 

plasma treated PDMS. All LPP treated PDMS surfaces show important content of SiO4 

species, the highest one corresponds to the PDMS surface treated with 93vol% O2 + 7vol% 

Ar plasma, confirming the inhibition of the hydrophobic recovery predicted by statistical 

design of experiments. 
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Figure 3.15. Percentages of silicon species 14 days after treatment on untreated and oxygen, argon and 

different oxygen and argon mixtures low-pressure plasma treated PDMS surface at 25W for 120s. Curve 

fitting of Si2p3/2 photopeak. XPS experiments.  
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Table III-VIII. Chemical surface composition 14 days after treatment of untreated and oxygen, argon and 

different oxygen and argon mixtures low-pressure plasma treated PDMS. XPS experiments. 

Mixture composition 

[vol%O2-vol%Ar] 

C 

[at%] 

O 

[at%] 

N 

[at%] 

Si 

[at%] 

O/C 

0-100 42.0 37.3 0.0 20.7 0.9 
50-50 38.0 39.3 0.2 22.5 1.0 
93-7 34.8 42.3 0.2 22.7 1.2 
100-0 38.3 38.2 0.0 23.5 1.0 
Untreated 53.9 26.6 0.2 19.3 0.5 

 

Finally, for evaluating adhesion, T-peel tests were carried out in untreated and 93vol% 

O2+7vol% Ar LPP treated PDMS/acrylic adhesive tape joints. Adhesive joints were made 

with 93vol% O2+7vol% Ar LPP treated PDMS stored under open air for 3 and 14 days after 

treatment. Figure 3.16 shows that adhesion of PDMS increases noticeably (from 22 to 226 

N/m) by treatment with LPP plasma under optimal conditions, and furthermore adhesion 

is maintained for  and 14 days after treatment even under open air exposure, indicating 

the inhibition of hydrophobic recovery in LPP treated PDMS. 
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Figure 3.16 - T-peel strength values of untreated and 93vol% O2+7vol% Ar LPP treated PDMS/acrylic 

adhesive tape joints made at different times after treatment. LPP treatment conditions : 25W, 300mTorr, 

2min. 
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3.5 - CONCLUSIONS 

The use of statistical design of experiments has been proved useful in optimizing 

adhesion and minimizing hydrophobic recovery in oxygen + argon mixtures LPP treated 

PDMS. The residual pressure was the parameter influencing more the surface 

modification and inhibiting more the hydrophobic recovery of LPP treated PDMS surface. 

Furthermore, the length of treatment, the gas composition and the power affected more 

the performance of the LPP treatment. Optimal conditions for maximizing surface 

modifications and adhesion, and minimizing hydrophobic recovery in LPP treated PDMS 

were the use of 93vol% O2 + 7vol% Ar as plasmogen gas, 300 mTorr of residual pressure, 

25 W of power and 120 seconds. On the other hand, the adhesion of LPP treated PDMS 

stored under open air to acrylic adhesive tape was maintained up to 14 days, confirming 

the stability of the surface modifications caused by the 93vol% O2 + 7vol% Ar low-

pressure plasma treatment.  
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4.1 – INTRODUCTION  

Atmospheric pressure plasma torch (APPT) has been revealed as a promising surface 

treatment with respect to low pressure plasma treatment because it don’t need vacuum, 

allows continuous surface treatment, it is fast and cost-effective, and different surfaces of 

substrates with almost any shape or size can be treated [1]. APPT are arc-plasma 

discharges of thermal plasma with high density of gas species [2]; nevertheless, the 

current APPT equipments for surface treatment of polymers are non-equilibrium plasma 

torches that work in pulsed mode, applying discharges shorter than the time necessary 

for arc creation, preventing the equilibrium state and reducing the warming up of the 

polymer surface [3-5]. The temperature reached in the plasma (less than 2000K) depends 

strongly on the position within the plume, and therefore the extent of the surface 

modifications depend on the plasma properties more extensively than for cold plasmas 

[6].  

To the best of our knowledge there is only one paper in the existing literature dealing 

with the surface treatment of PDMS with APPJ and it is mainly focused on hydrophilicity 

improvement and on hydrophobic recovery of PDMS [7]. In the work by Encinas et al [7] 

the APPJ treatment was carried out under given set conditions of torch speed and 

sample-nozzle distance, and they did not obtain significant changes in surface chemistry 

although the surface energy of PDMS was increased from 17.5 mJ/m2 for the pristine 

PDMS to 35 mJ/m2 for the freshly APPJ treated ones. On the other hand, pull-off 

adhesion strength in joints made with APPJ treated PDMS and three adhesives of 
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different nature increased in 40% (15 MPa), but the adhesion properties were lost rapidly, 

showing the same values than for the joint made with the pristine PDMS 24h after 

treatment. The loss in adhesion could be due to the treatment conditions arbitrarily 

chosen, which could not be the optimal, justifying the poor stability of the surface 

modifications produced on the APPJ treated PDMS.  

 

4.2 - OBJECTIVES 

In this chapter, the influence of several experimental parameters on the surface 

modifications and hydrophobic recovery of APPJ treated PDMS was analyzed by 

optimizing the treatment conditions throughout the use of design of experiment. More 

precisely, the specific objectives of this chapter are the following ones : 

- Determine the key parameters of the APPJ which affect more the surface 

modifications produced on PDMS. 

- Study the modifications produced on the treated APPJ PDMS under different 

experimental conditions. 

- Find the optimal experimental conditions of the APPJ treatment able to produce 

the optimal modifications on the surface properties and adhesion of PDMS. 

- Determine the stability of the surface modifications and adhesion properties of 

APPJ treated PDMS with the time elapsed after plasma treatment. 

 

4.3 – EXPERIMENTAL 

PDMS was treated with atmospheric pressure plasma jet (APPJ), also called cold plasma torch, 

working in pulsed mode. The equipment used was Openair® FG 5001 plasma torch (Plasmatreat 

GmbH – Steinhagen, Germany) - Figure 4.1 - working with compressed air as plasmogen gas. Two 

different nozzles were used and their influence on hydrophobic recovery of APPJ treated PDMS 

was studied: a static wide-slot shape nozzle and a rotating nozzle with opening ring of 4 mm and 

angle shot of 14º (Figure 4.2). 

The torch is located over a movable platform where the PDMS is placed, and it can be moved 

across the plasma shot under controlled speed, from 5 to 50 m/min. The torch is fixed to a 
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movable arm which position can be changed in a vertical displacement, so the distance from the 

plasma torch head to the platform can be set between 0 to 100 mm. On the other hand, the 

voltage and the frequency of the plasma source can be varied from 270 to 300 V and from 19 to 

22 kHz, respectively.  

Since the plasma source works in pulsed mode, the plasma cycle time (PCT) can be changed 

between 50% to 100%; therefore, the time of application of voltage with regard to the length of 

pause between two consecutive pulses can be varied, i.e. PCT of 100% means that the pulse 

duration is equal to the pause duration. This pulsed operating mode is the way in which plasma 

torch equipment may achieve non-equilibrium plasma conditions. High values of PCT produce 

thermodynamic equilibrium state; on the other hand, low values of PCT don’t supply enough 

energy for producing plasma. 
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Figure 4.1. (a) Photo of the atmospheric plasma torch equipment used for surface treatment of PDMS; (b) 

scheme of the main components of the plasma torch system [8]. 
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(a) (b) 

Figure 4.2. Different nozzles used in the atmospheric plasma torch system for treatment of PDMS. (a) static 

nozzle with wide-slot shape; (b) rotating nozzle with ring shape. 

 

4.4 – RESULTS AND DISCUSSION 

 
4.4.1. Optimization of the APPJ treatment of PDMS 

The most adequate conditions for the surface treatment of PDMS with APPJ were 

obtained by selecting several experimental parameters and applying a design of 

experiments methodology. Seven experimental parameters to perform an orthogonal 

array with eight experiments were needed for carrying out an appropriate screening 

design of experiments. The seven experimental parameters in this study were selected by 

considering the more relevant indicated in the scientific literature dealing with low 

pressure and corona discharge plasma treatment of PDMS, and with APPJ treatment of 

other polymers. 

The two most common experimental parameters studied in the plasma treatments of 

PDMS and other polymers are the length of treatment and the power/voltage of the 

plasma source, both showing a strong influence on the surface properties of the treated 

surfaces [9-15]. In APPJ treatment, the length of treatment is varied by changing the time 

of exposure of the plasma to the substrate surface controlling the speed of the platform 

on which the substrate is displaced below the plasma stream. On the other hand, the 

power of the plasma source in APPJ treatment is generally fixed but the frequency of the 
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power source can be varied determining the effectiveness of the treatment due to 

distinct oscillation frequencies of the electrons and heavy charged particles (ions) in the 

plasma [16]; in fact, for low-pressure plasma treatment the plasma power source 

frequency - radiofrequency or microwave - determines its effectiveness [17,18]. 

The distance between the torch nozzle and the substrate surface has been revealed as 

another important factor determining the effectiveness of the APPJ treatment in several 

polymers [19].  

Moreover, changes on the wettability of plasma-treated PDMS surface were observed 

when several consecutive plasma treatments are carried out [20], and therefore the  

number of consecutive treatments and the time elapsed between two consecutive 

treatments was also chosen as experimental parameters for the multivariable analysis. 

Finally, in order to study the effect of the temperature in the core of the plasma plume on 

surface properties of PDMS, other experimental parameter selected in the APPJ 

treatment of PDMS was the plasma cycle time (PCT). 

Table IV-I shows the seven parameters or factors selected in this study for the 

optimization of the APPJ treatment of PDMS. In order to perform the screening design, 

each factor is changed simultaneously between two values, high (+) and low value (-), 

giving an experimental plan built following a Plackett-Burman design which is shown in 

Table IV-II.  

 
Table IV-I. Selected factors for the optimization of the surface treatment of PDMS with atmospheric 

pressure plasma torch. 

FACTORS 

A Time of exposure (torch speed) 

B Nozzle – simple distance 

C Voltage 

D Frequency 

E Pulsed Power Cycle Time 

F Number of passes 

G Time between consecutive passes 
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Table IV-II. Plackett-Burman matrix design in the experimental plan used to identify the most relevant 

parameters affecting the performance of PDMS treatment with atmospheric-pressure plasma torch.  

EXPERIMENT 
FACTORS 

A B C D E F G 

1 + - - + - + + 

2 + + - - + - + 

3 + + + - - + - 

4 - + + + - - + 

5 + - + + + - - 

6 - + - + + + - 

7 - - + - + + + 

8 - - - - - - - 

 

For avoiding wrong conclusions, one of the most critical issues in the design of 

experiments is the right choice of the high and low values selected for the levels at which 

all factors are fixed. On the other hand, a too large interval of values is not recommended 

because the effect observed could hinder the influence of other factors. Because of these 

issues, preliminary studies are required to find the appropriate range of values in which 

each factor produces the most important changes on the surface properties of the 

substrate. 

Figure 4.3 shows the variation on the wettability of PDMS surfaces treated with APPJ as a 

function of the nozzle – sample distance by using 30m/min of torch speed. The water 

contact angle (WCA) value is almost similar to that of the untreated PDMS (WCA = 109 

degrees) for values of nozzle-sample distance higher than 10 mm, but it drops noticeably 

for APPJ treatments carried out at a distance up to 5 mm; shorter nozzle-sample distance 

does not affect the values of water contact angle on PDMS. Figure 4.4 shows photos of 

water drops on the untreated and APPJ treated PDMS and they show better the 

noticeable decrease in WCA for nozzle-sample distances between 5 and 10 mm. 

Therefore, the high and low values of the nozzle-sample distance in the APPJ treatment of 

PDMS for the design of experiments were set to 10 and 5 mm.  
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Figure 4.3 - Variation of the water contact angle values (25ºC) on PDMS treated with APPJ as a function of 

the sample-nozzle distance. 

 

    

Untreated h = 10 mm h = 7 mm h = 5 mm 

Figure 4.4 – Photos of water drops on untreated and APPJ treated PDMS surfaces at different values of 

nozzle-sample distance. 

 
Figure 4.5 shows the variation of the water contact angle on APPJ treated PDMS surface 

as a function of the plasma torch speed at a nozzle-sample distance of 5 mm. The main 

variation in WCA values is produced between 30 and 50m/min of torch speed, decreasing 

the WCA values up to 10 degrees. The slowest is the torch speed, the better is the 

reproducibility and homogeneity of the WCA values.  
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Figure 4.5 - Variation of the water contact angle values (25ºC) on PDMS treated with APPJ as a function of 

the torch speed.  

 

On the other hand, the effect of varying the torch speed and the nozzle-sample distance 

on the WCA values is shown in Figure 4.6. The influence of the APPJ treatment on the 

wettability of PDMS is more marked by changing the nozzle-sample distance than by 

changing the torch speed. According to Figure 4.6, values of torch speed higher than 30 

m/min cannot be used in the screening design. 
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Figure 4.6 - Water contact angle values (25ºC) on PDMS treated with APPJ at different values of torch speed 

and sample–nozzle distances.  
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On the other hand, because of limitations of the APPJ equipment, the frequency and 

voltage of the power source can be varied only between 19 and 22 kHz and 270 and 300 

V, respectively. The plasma cycle time was also varied between the limits of the 

equipment, i.e. 50% and 100%. Finally, the time elapsed between two consecutive 

treatments was varied between 5 and 60 seconds, because its main effect is the warming 

of the PDMS surface during APPJ treatment. 

The high and low values selected for each factor in the optimization of the APPJ 

treatment of PDMs are summarized in Table IV-III, and the experiments carried out in the 

experimental array to perform the screening design are given in Table 4-IV, together with 

the values of water contact angles selected as response variable for each experiment. 

 
Table IV-III. Selected factors and values of their levels for the screening design plan of APPJ treatment of 

PDMS. 

FACTORS Low level (-) High level (+) 

A Torch speed (m/min) 10 30 

B Nozzle – sample distance (mm) 5 10 

C Voltage (V) 270 300 

D Frequency (kHz) 19 22 

E Pulsed Power Cycle Time (%) 50 100 

F Number of passes 1 2 

G Time between consecutive passes (s) 5 60 
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Table IV-IV. Experimental arrays in the screening design of the APPJ treatment of PDMS including the values 

of factors for each experiment, and values of water contact angles (WCA) used as response variable. 

EXPERIMENT 
FACTORS 

WCA 
(degrees) A 

(m/s) 
B 

(mm) 
C 

(V) 
D 

(kHz) 
E 

(%) 
F 
 

G 
(sec) 

1 30 5 270 22 50 2 60 56 ± 4 

2 30 10 270 19 100 1 60 107 ± 1 

3 30 10 300 19 50 2 5 103 ± 2 

4 10 10 300 22 50 1 60 54 ± 3 

5 30 5 300 22 100 1 5 8 ± 1 

6 10 10 270 22 100 2 5 40 ± 6 

7 10 5 300 19 100 2 60 9 ± 2 

8 10 5 270 19 50 1 5 18 ± 3 

 

 

The coefficients calculated from the WCA values in Table 4-IV follow the equation (4.1), 

which describes the linear effect of factors on the wettability of the APPJ treated PDMS 

surface. 

 

WCA (degrees) = 0 + A· 1 + B· 2 + C· 3 + D· 4 + E· 5 + F· 6 + G· 7           (4.1) 

 

Figure 4.7 shows the coefficients of linear response for the different factors selected in 

the APPJ treatment of PDMS in the screening design. The absolute value of each 

coefficient gives information on the effect produced by the respective factor on the 

extent of the surface modifications on APPJ treated PDMS, i.e. the higher is the absolute 

value of the coefficient of one factor, the higher is the influence of that factor on the 

wettability of the APPJ treated PDMS. On the other hand, if the coefficient is positive or 

negative, higher or lower effectiveness of the APPJ treatment of PDMS is obtained, 

respectively. According to Figure 4.7, the highest coefficient values correspond to the 

torch speed and nozzle-sample distance, followed by the frequency of the power source 

and the time elapsed between two consecutive treatments. The lowest effect on PDMS 

wettability corresponds to the number of consecutive treatments. 
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Figure 4.7 – Coefficients of linear response for the different factors selected in the APPJ treatment of PDMS 

in the screening design. 

 
The selection of the key factors influencing more the surface modification on the APPJ 

treated PDMS requires a statistical analysis based on the analysis of variance. This 

statistical analysis provides a standardized normal plot that will give the relative effect of 

each individual factor within the whole effect of all factors together. The standardized 

normal plot is shown in Figure 4.8a as a Pareto chart, in which the order of factors 

according their influence on the effectiveness of the APPJ treatment follows the same 

trend provided by the coefficients of equation (4.1). In Figure 4.8b a cumulative Pareto 

chart is given showing that only the torch speed and the nozzle-sample distance reach 

percentages larger than 80%, indicating that these two factors are the key parameters in 

the APPJ surface treatment of PDMS. 
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Figure 4.8 – (a): Standardized normal plot of residuals obtained from the effect of the factors on the APPJ 

surface treatment of PDMS; (b): Pareto diagram with cumulative residual values; the key factors are 

highlighted in red. 

 
Because the torch speed and the nozzle-sample distance are the key factors, Doehlert 

experimental plan design was performed for optimizing the surface properties of the APPJ 

surface treatment of PDMS. The domains considered were 10 to 50m/min of torch speed 

and 5 to 9 mm of nozzle-sample distance. The rest of the experimental parameters of 

APPJ treatment were kept constant at 300 V, 22 kHz and 100% of PCT; one single pass of 

the torch was set. The experiments are distributed in spherical domain (Figure 4.9), with 

one replica of the experiment corresponding to the center of the domain. Therefore, 

eight experimental runs were carried out and they are given in Table 4-V together with 

the order of the sequence of runs; this sequence has been randomized in order to avoid 

the effect of the environment conditions.  

Water contact angle value was used as response variable and Figure 4.10 shows photos of 

the water drops on PDMS surfaces treated with APPJ under different experimental 

conditions. The APPJ treatments providing the highest wettability on the PDMS surface 

correspond to the lowest nozzle-sample distance (5 mm) and to the lowest torch speed 

(10 m/min). 
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Table IV-V. Values of experimental variables in the APPJ treatment od PDMS based on Doehlert 

experimental design. 

Experiment 
Run 

(Rand) 
Torch speed 

(m/min) 
Sample-nozzle distance 

(mm) 

 1 8 50 7.0 

2 1 10 7.0 

3 6 40 9.0 

4 7 20 5.0 

5 2 40 5.0 

6 5 20 9.0 

7 4 30 7.0 

8 3 30 7.0 
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Figure 4.9 - Doehlert experimental design for PDMS treated with APPJ carried out with torch speed at 5 

levels and sample-nozzle distances at 3 levels.  
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v = 30 m/min; h = 7 mm 
 

Figure 4.10 – Water drop photos and water contact angle values (25ºC) obtained on PDMS treated with 

APPJ at different torch speeds and nozzle-sample distances.  

 
 
Figure 4.11 shows the increase in wettability (i.e. the difference between the water 

contact angle values on the as-received and APPJ treated PDMS), the torch speed and the 

nozzle-sample distance for the eight experiments in Table IV-IV. The highest reduction in 

WCA value is obtained for low values of torch speed and nozzle-sample distance.  

 

Figure 4.11 – Reduction in the water contact angle values (25ºC), i.e. difference between the water contact 

angle values on the as-received and APPJ treated PDMS, on PDMS surface treated with APPJ at different 

torch speeds and nozzle-sample distances. 
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In order to evaluate the influence of the torch speed and the nozzle-sample distance on 

the chemical surface modifications of PDMS treated with APPJ, the chemical composition 

of the most external surface was assessed by X-Ray Photoelectron Spectroscopy (XPS). 

Table IV-VI shows the chemical composition and the oxygen-carbon ratio of the APPJ 

treated PDMS surfaces. The atomic composition of the untreated PDMS surface is very 

close to the stoichiometric one, i.e. 1:1:2 of silicon, carbon and oxygen, respectively. Since 

plasma treatment produces the substitution of methyl by oxygen groups, mainly hydroxyl 

groups, the atomic percentage of carbon decreases and the atomic percentage of oxygen 

increases, whereas the amount of silicon remains almost constant. The higher is the 

oxygen-carbon ratio, the higher is the atomic percentage of silicon on the treated PDMS 

surface, likely due to the condensation of silanol groups forming the cross-linked silica-

like layer. 

 
Table IV-VI. Chemical surface composition and oxygen-carbon ratio on PDMS treated with APPJ at different 

torch speeds and nozzle-sample distances. 

No. Exp. C (at%) O (at%) Si (at%) N (at%) O/C 

Untreated 48.7 24.9 26.4 0.00 0.51 

1 37.2 34.6 28.0 0.19 0.93 

2 30.3 39.2 30.2 0.30 1.29 

3 41.3 32.1 26.5 0.15 0.78 

4 34.1 35.9 29.8 0.18 1.05 

5 37.0 34.2 28.5 0.21 0.92 

6 39.4 34.1 26.1 0.36 0.87 

7 37.1 34.3 28.2 0.37 0.92 

8 36.7 34.4 28.5 0.33 0.94 

 

 
Figure 4.12 shows the 3D-plot of the oxygen-carbon ratio on the APPJ treated PDMS 

surface as a function of the torch speed and the nozzle-sample distance and, similarly to 

the 3D-plot of the water contact angle (Figure 4.9), the O/C ratio increases by decreasing 
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the torch speed and the nozzle-sample distance. In the Doehlert plot of Figure 4.12, the 

distribution in 2x2 array (green square) of the experimental points 3, 4, 5 and 6 confirms 

the absence of interaction between the factors within the studied domain.  
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Figure 4.12- 3D plot of oxygen/carbon ratio, torch speed and sample-nozzle distance on APPJ treated PDMS 

surface.  

 

The effect of the torch speed on the oxygen-carbon ratio in the surface composition of 

APPJ treated PDMS at different values of nozzle-sample distance is shown in Figure 4.13a. 

The increase in the torch speed decreases the oxygen content on the treated surface, and 

the lower is the nozzle-sample distance, the higher is the oxygen-carbon ratio. The same 

conclusions can be obtained from Figure 4.13b in which the influence of the nozzle-

sample distance on the oxygen-carbon ratio at different values of torch speed is given. In 

both Figures 4.13a and 4.13b the parallel lines indicate the absence of interaction 

between the nozzle-sample distance and the torch speed. 
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Figure 4.13a - Interaction plot of the sample–nozzle distance in PDMS treated with APPJ showing the effect 

of the torch speed on O/C ratio.  
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Figure 4.13b - Interaction plot of the torch speed in PDMS treated with APPJ showing the effect of the 

nozzle-sample distance on O/C ratio.  

 
Figure 4.14 shows the variation of the chemical composition of APPJ treated PDMS 

surface at different torch speeds and nozzle-sample distance of 7 mm. Even for short 

length of APPJ treatment (50m/min) the carbon content on the PDMS surface is reduced 

noticeably and the content of oxygen increases; however, for longer length of treatment 

(for instance 30m/min of torch speed) the variation in the chemical composition of the 

PDMS surface is less pronounced. On the other hand, the APPJ treatment creates small 

amount of nitrogen species on the PDMS surface which derive from the presence of 
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nitrogen in the plasma gas (air is used). The atomic content of nitrogen on the PDMS 

surface increases linearly by decreasing the torch speed. 

 

Figure 4.14 – Variation of the chemical composition on PDMS treated with APPJ as a function of the torch 

speed at a nozzle-sample distance of 7 mm. XPS experiment. 

 

The increase in oxygen content on the APPJ treated PDMS surface is due to the 

substitution of one or two methyl pendant groups of the polysiloxane chains by oxygen 

groups. The content of the Si-O species on the PDMS surface is obtained from the curve 

fitting of Si2p3/2 photopeak which can be resolved into three contributions corresponding 

to the number of methyl groups substituted by oxygen groups. These different 

contributions correspond to different values of binding energy: 102.1 eV (Si bonded to 

two oxygen atoms - Si(CH3)2O2) –, 102.8 eV (Si bonded to three oxygen atoms - Si(CH3)O3 ) 

and 103.4 eV (Si bonded to four oxygen atoms – SiO4) [21]. 

The amount of the Si-O species obtained from the Si2p3/2 photopeaks for samples 

corresponding to each experiment selected for the Doehlert experimental plan are shown 

in Table IV-VII. The APPJ treatment of PDMS surface under mild conditions (i.e. high torch 

speeds and/or long nozzle-sample distance) favours the formation of Si(CH3)2O2 and SiO4 

species, whereas the treatment under aggresive conditions (i.e. low torch speed and/or 

short nozzle-sample distance) favours the formation of SiO4 species mainly.  
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Table IV-VII.  Atomic percentages of silicon-oxygen species on PDMS treated with APPJ at different torch 

speeds (v) and nozzle-sample distances (d). Curve fitting of Si2p3/2 photopeak. 

No. Exp. v (m/min) d (mm) 

Silicon–oxygen species (at%) 

Si(CH3)2O2   

(102.1 eV) 

Si(CH3)O3  

(102.8 eV) 
SiO4          

(103.4 eV) 

0 - - 88.3 0.0 11.7 

1 50 7 39.2 11.3 49.6 

2 10 7 26.4 0.0 73.6 

3 40 9 53.2 12.5 34.3 

4 20 5 35.7 0.0 64.3 

5 40 5 45.2 0.0 54.8 

6 20 9 52.8 1.2 46.0 

7 30 7 45.7 0.1 54.1 

8 30 7 47.8 0.3 51.8 
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Figure 4.15a - Curve fitting of Si2p3/2 core level of PDMS before and after APPJ treatment  at different values 

of torch speed and 7 mm of nozzle-sample distance. 
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Figure 4.15b - Curve fitting of Si2p3/2 core level of APPJ treated PDMS at different values of torch speed and 

sample–nozzle distance. 

 

Figure 4.15a shows the curve fitting of Si2p3/2 core levels of PDMS before and after APPJ 

treatment at different values of torch speed and 7 mm of nozzle-sample distance, and 

Figure 4.15b shows the curve fitting of Si2p3/2 core levels of APPJ treated PDMS at 

different values of torch speed and sample–nozzle distance. In Figures 4.15a and 4.15b, 

the closed orange symbols correspond to the experimental datapoints obtained from XPS, 

and they are in good agreement with the black solid line corresponding to the curve fitted 

curve following 30% Gauss – 70% Lorentz mixed model, indicating a satisfactory fitting to 

this mathematical model.  

Figure 4.16a shows the composition of silicon-oxygen species on the APPJ treated PDMS 

surface at different values of torch speed and nozzle-sample distance of 7 mm. The 

treatment of PDMS with APPJ at 50m/min increases noticeably the atomic percentage of 

silicon bonded to four oxygen atoms (SiO4 species) with respect to the untreated surface. 

By reducing the torch speed to 30m/min the content of Si(CH3)O3 is greatly reduced, and 
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the treatment at 10m/min increases noticeably the SiO4 species content on the PDMS 

surface. 

Similar trend is observed when both the torch speed and the nozzle-sample distance are 

varied at the same time (Figure 4.16b). PDMS surface treated at high nozzle-sample 

distance has some Si(CH3)O3 species but they disappear when low nozzle-sample distance 

is used. In both cases, the lower are the torch speed and the nozzle-sample distance, the 

higher is the amount of SiO4 species on the treated PDMS surface. 
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Figure 4.16a - Cumulative content of the different silicon-oxygen species on APPJ treated PDMS surface as a 

function of the torch speed at a nozzle-sample distance of 7 mm.  
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Figure 4.16b - Cumulative content of the different silicon-oxygen species on APPJ treated PDMS surface as a 

function of the torch speed by using two nozzle-sample distances (5 and 9 mm).  
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The surface morphology of the APPJ treated PDMS surface at different torch speeds and 

nozzle-sample distances was studied by Scanning Electron Microscopy (SEM). Figure 4.17a 

shows the SEM micrographs at different magnifications of the untreated and APPJ treated 

PDMS surface at different torch speeds keeping constant the nozzle-sample distance at 7 

mm. The untreated PDMS shows highly smooth surface, as well as some small white 

particles appear on the surface which could correspond to surface contamination. When 

the PDMS is treated at high torch speed, most of the contamination and particles are 

removed, but no change in surface topography is observed. By increasing the torch speed, 

thin cracks of a width lower than 1 micron appear on the PDMS surface, and the lowest is 

the torch speed, the higher is the number of cracks and the larger if their size. On the 

other hand, SEM micrographs of the APPJ treated PDMS using different torch speeds and 

nozzle-sample distances are shown in Figure 4.17b. A clean and smooth surface of PDMS 

treated at 9 mm of nozzle-sample distance, regardless the torch speed, is observed; 

however, the PDMS surface treated at 5 mm of nozzle-sample distance shows larger deep 

cracks of 3 – 4 microns, irrespective of the torch speed. 

The oxygen-carbon ratio obtained in the experiments of the Doehlert array allows the 

creation of a response surface obtained by applying quadratic regression statistical model 

over the whole domain covered by the experimental layout. Figure 4.18 shows the 

response surface obtained in which the different colours correspond to the different 

values of O/C ratios. The shape of the surface response confirms that the APPJ treatment 

of PDMS with low torch speed increases the O/C ratio and that the influence of the torch 

speed is less important for torch speed value higher than 30 m/min, the nozzle-sample 

distance becomes dominant. An analytical model - equation (4.2) - has been obtained for 

the response surface, and the coefficients obtained are given in Table IV-VIII. The 

parameters x1 and x2 correspond to the torch speed and nozzle-sample distance factors 

respectively by taking the origin of coordinates in the center of the domain, and by 

placing these values in equation (4.2) a change of variable is produced according to 

equations (4.3a) and (4.3b).  

By using equations (4.2), (4.3a) and (4.3b), the O/C ratio on APPJ treated PDMS using 

different conditions can be obtained. The theoretical values obtained are shown in Table 
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IV-IX. A comparison with the experimental values shows that they are similar to the 

theoretical ones for almost all treatments (the average deviation is 0.02). 
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Figure 4.17a - SEM micrographs of untreated and APPJ treated PDMS surface at different torch speeds and 

7 mm of nozzle-sample distance. 
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Figure 4.17b - SEM micrographs of APPJ treated PDMS surface at different torch speeds and nozzle-sample 

distances.  
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Figure 4.18 - Surface response of O/C on treated PDMS surface with plasma torch as a function of the torch 

speed and sample – nozzle distance.  

 

O/C = 0 + 1x1 + 2x2 + 11x1
2 + 22x2

2 + 12x1x2                              (4.2) 

 

Table IV-VIII. Values of regression coeficients of equation (4.2). 

Coefficient Value 

0               0.93 

1              -0.16 

2              -0.086 

11               0.18 

22              -0.094 

12               0.0 

 

 

                                                         (4.3a) 
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                                                         (4.3b) 

 
Table IV-IX. Comparison of the values of O/C ratio in APPJ treated PDMS surfaces obtained experimentally 

and theoreticaly. 

Experiment 
Torch speed 

(m/min) 
Sample-nozzle 
distance (mm) 

 O/C 

 Experimental Theoretical 

1 50 7.0  0.93 0.95 

2 10 7.0  1.29 1.27 

3 40 9.0  0.78 0.72 

4 20 5.0  1.05 1.05 

5 40 5.0  0.92 0.89 

6 20 9.0  0.87 0.88 

7 30 7.0  0.92 0.93 

8 30 7.0  0.94 0.93 
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Figure 4.19 – Iso-response contours plot of O/C ratio on APPJ treated PDMS surface as a function of the 

torch speed and nozzle-sample distance. Red cross indicated the optimal treatment conditions. 
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Figure 4.19 shows the iso-response contours corresponding to the response surface of 

Figure 4.18. Higher gradient along the left-right direction (horizontal axis) at lower values 

of torch speed (left side) and along the up-down direction (vertical axis) at nozzle-sample 

distance interval between 9 and 7 mm in the right side (higher torch speed), are 

observed. Thus, the optimal conditions of APPJ treatment of PDMS within the studied 

domain that maximize the O/C ratio on the treated surface correspond to 10.3 m/min of 

torch speed and 6.6 mm of nozzle-sample distance (red cross of Figure 4.19). 

 
 

4.4.2. Characterization of the PDMS treated with APPJ under optimal conditions  

Figure 4.20a shows the ATR-IR spectra of the as-received and APPJ treated PDMS surface 

under optimal conditions (i.e. 10.3 m/min of torch speed and 6.6 mm of nozzle-sample 

distance). APPJ treatment does not show the creation of new bands likely due to the 

depth of penetration of the IR beam (around one micron) indicating that the 

modifications in the surface chemistry of PDMS are produced in the most external layer. 

However, Figure 4.20b shows that APPJ treatment increases the relative intensity of the 

bands at 1017 and 1080 cm-1 due to silicon-oxygen groups with respect to the bands of 

the methyl groups (1260 and 795 cm-1); this is an indication of the creation of new 

oxidized Si-O-Si species formed by condensation of silanol groups. Thus, the ratio of the 

intensities of the IR bands at 1080 cm-1 with respect to 795 cm-1 increases from 0.53 

(untreated PDMS) to 0.61 (APPJ treated PDMS). Some hydroxyl groups at 3400 cm-1 are 

also created on the APPJ treated PDMS surface and they can be distinguished in the ATR-

IR spectrum of Figure 4.20c despite the poor signal/noise ratio.  

The surface roughness of the untreated and APPJ treated PDMS surface under optimal 

conditions was analyzed by AFM. Figure 4.21 shows the AFM micrographs and the 

roughness profile of PDMS surfaces before and after APPJ treatment. The average 

roughness of the untreated PDMS surface is 17 nm. The APPJ treated PDMS shows higher 

nanoroughness (average roughness of 39 nm), but a significant macro-roughness is 

generated too in the form of pores of 1 – 2 microns diameter and about 100 nm depth. As 

a consequence, high peak-to-valley distances can be distinguished in roughness profiles 

shown in Figure 4.22. 
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Figure 4.20a – ATR-IR spectra of PDMS surface before and after APPJ treatment under optimal conditions.  
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Figure 4.20b – ATR-IR spectra of PDMS surface before and after APPJ treatment under optimal conditions. 

750-1250 cm
-1

 region.  
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Figure 4.20c – ATR-IR spectra of PDMS surface before and after APPJ treatment under optimal conditions. 
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Figure 4.21a – AFM micrographs of the PDMS surface before plasma modification. 
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Figure 4.21b - AFM micrographs of the PDMS surface after APPJ treatment at 10.3 m/min torch speed and 

6.6 mm nozzle-sample distance. 
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Figure 4.22 - AFM roughness profiles of the PDMS surface before and after APPJ treatment at 10.3 m/min 

torch speed and 6.6 mm nozzle-sample distance.   

 

Adhesion of PDMS was measured by T-peel and single-lap shear tests in joints made with 

PDMS and acrylic adhesive tape. Figure 4.23 shows a noticeable improvement of 

adhesion of PDMS after APPJ treatment, particularly in T-peel strength – an increase over 

4500% is produced. On the other hand, an increase over 500% in single-lap shear strength 

is produced when PDMS is treated with APPJ.  
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Figure 4.23 – T-peel strength and single-lap shear values of untreated or APPJ treated PDMS/acrylic 

adhesive joints.  
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The locus of failure of the joints was assessed by ATR-IR spectroscopy of the failed 

surfaces. The ATR-IR spectra of the PDMS and acrylic adhesive before and after joint 

formation (i.e. failed surfaces after adhesion test) are given in Figures 4.24a and 4.24b 

respectively. The ATR-IR spectra of the failed surfaces are similar to these of the surfaces 

before joint formation, corfirming that an adhesion failure is produced, i.e. the joints fail 

at the interface between the acrylic adhesive and the PDMS surface. 
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Figure  4.24a – ATR-IR spectra of the APPJ treated PDMS before and after joint formation.  
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Figure 4.24b - ATR-IR spectra of the acrylic adhesive before and after joint formation.  
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4.4.3. Hydrophobic recovery in APPJ treated PDMS 
 
Fast hydrophobic recovery is one of the drawbacks of the plasma treated PDMS surfaces. 

In order to analyze the extent of hydrophobic recovery in APPJ treated PDMS surface, the 

adhesion properties were measured in joints made with APPJ treated PDMS at different 

times between treatment and joint formation. Figures 4.25a and 4.25b shows the T-peel 

and single lap-shear strength values, respectively, of adhesive joints made just after APPJ 

surface treatment of PDMS and after 8, 16 and 24 hours after treatment. Under peel 

stresses (Figure 4.25a) a gradually (linear) loss in adhesive strength is observed by 

increasing the time between APPJ treatment and joint formation, decreasing the T-peel 

strength values in 25%, 44% and 65% in the joints made 8, 16 and 24 hours after APPJ 

treatment respectively (with respect to the value obtained in the joint made with the just 

APPJ treated PDMS). However, under shear stresses (Figure 4.25b) the main reduction in 

adhesive strength is produced within the first 8 hours after APPJ treatment, decreasing in 

16%, 24% and 26% in the joints made 8, 16 and 24 hours after APPJ treatment 

respectively (with respect to the value obtained in the joint made with the just APPJ 

treated PDMS). The differences in the decrease of adhesive strength under different 

stresses may indicate that the performance of the T-peel joints made with PDMS are 

more depending on its surface chemistry than for the single lap-shear joints, whereas the 

surface roughness could be more relevant in the performance of single lap-shear joints 

made with APPJ treated PDMS. 

The hydrophobic recovery of the APPJ treated PDMS surface under optimal conditions 

was also assessed by monitoring the variation of the water contact angle values on APPJ 

treated PDMS surface as a function of the time after treatment. Figure 4.26 shows that 

the values of the water contact angle on APPJ treated PDMS surface stored in air at 24ºC 

and 50% relative humidity increases during 24 hours after APPJ treatment until a constant 

value of 99 degrees is reached (10 degrees below the water contact angle of the 

untreated PDMS). The hydrophobic recovery is better with respect to the results obtained 

in the study by Encinas et al [7] whose showed 100% of hydrophobic recovery in 1 hour 

after APPJ treatment. 
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Figure 4.25a – Variation of the T-peel strength in adhesive joints made with APPJ treated PDMS and acrylic 

adhesive tape as a function of the elapsed time between surface treatment and joint formation.  
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Figure 4.25b - Variation of the single-lap shear strength in adhesive joints made with APPJ treated PDMS 

and acrylic adhesive tape as a function of the elapsed time between surface treatment and joint formation.   

 

The influence of the type of nozzle used for APPJ treatment on hydrophobic recovery was 

also studied (Figure 4.26). Rotating nozzle with 14 degrees of slant and 2500 rpm rotating 

speed and wide-slot static nozzle were used, and it was found that the hydrophobic 

recovery was less pronounced when the rotating nozzle is used (Figure 4.26). On the 

other hand, in the PDMS treated with plasma torch using rotating nozzle, despite of 

showing better hydrophobic recovery, faster recovery in the 1 – 1.5 hours after treatment 
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is obtained with respect to the hydrophobic recovery of the PDMS treated with the static 

nozzle (initial hydrophobic recovery needs 3 – 4 hours). 
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Figure 4.26 – Hydrophobic recovery on APPJ treated PDMS using wide-slot static and rotating nozzle. 

 

The chemical composition of the APPJ treated PDMS as a function of the time after 

treatment was analyzed by XPS. Because in-situ XPS was not available, the analysis of the 

APPJ treated PDMS was carried out two, seven and fourteen days after APPJ treatment. 

Figure 4.27 shows that the oxygen-carbon ratio on the APPJ treated PDMS surface for two 

days after treatment is very closed to the maximum value obtained in the Doehlert 

experimental plan (1.29). For one and two weeks after APPJ treatment, the oxygen 

content on the treated PDMS surface is very similar, indicating that ageing is stopped 

after one week. The high O/C ratio obtained two days after APPJ treatment and its high 

value after ageing can be explained considering that the water contact angle 

measurements provide information on the most external surface, whereas XPS analyzes 

2-3 nanometers depth. 
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Figure 4.27 – Variation of the O/C ratio on APPJ treated PDMS as s function of the time elapsed between 

APPJ treatment and XPS analysis. Storing conditions : Air at 24ºC and 50% relative humidity. 

 

T-peel tests were made in adhesive joints prepared with APPJ treated PDMS and acrylic 

adhesive just after APPJ treatment, and 24 hours, 1 week and 6 months after APPJ 

treatment was carried out. The adhesive strength was maintained over the time (Figure 

4.28), and the T-peel strength curves show almost the same pattern (Figure 4.29). 
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Figure 4.28 – T-peel strength values in adhesive joints made with PDMS treated with APPJ and acrylic 

adhesive, just after APPJ treatment and after different times. 
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Figure 4.29 – T-peel strength curves of APPJ treated PDMS/acrylic adhesive joints tested at different times 

after joint formation. 

 

Since the acrylic adhesive tape applied on the APPJ treated PDMS surface could stop the 

hydrophobic recovery, the water contact angles of APPJ treated PDMS were monitored 

along the time. The just APPJ treated PDMS was covered with acrylic tape and it was 

removed at different times just before water contact angle measurement (Figure 4.30a). 

The hydrophobic recovery was compared with that produced by storage in air and in 

water (Figure 4.30b).  

 

  

(a) (b) 

Figure 4.30 – APPJ treated PDMS surface covered with acrylic adhesive tape stored (a) in air and (b) under 

water.  
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Figure 4.31 – Hidrophobic recovery of APPJ treated PDMS under optimal conditions under different ageing 

conditions. 

 

Figure 4.31 shows that the APPJ treated PDMS soaked in water and covered with acrylic 

adhesive tape have lower hydrophobic recovery (the final values of water contact angle 

are 61 and 35 degrees, respectively) with respect to the APPJ treated PDMS stored in air 

(water contact angle :  100 degrees). Besides, the stable value of water contact angle of 

APJ treated PDMS under different storage conditions is obtained 24 hours after 

treatment, Table IV-X and Figure 4.31 shows that the ageing under water inhibits partially 

the hydrophobic recovery likely due to its polar nature, preventing the migration of 

polysiloxane chains from the bulk to the surface. On the other hand, the acrylic adhesive 

tape may create hydrogen bonds with the polar functionalities on the APPJ treated PDMS 

which prevent their reorientation towards the bulk, maintaining its hydrophilicity; when 

the acrylic adhesive tape is removed from the PDMS surface, some small parts of the 

silica-like layer can be removed with the adhesive producing e a faster increment of 

hydrophobicity. 
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Table IV-X. Water contact angle (WCA) values on PDMS 48 hours after APPJ treatment and time required to 

reach stable wettability.  

Ageing environment 
WCA 48h after 

treatment (degrees) 
Time for stable 

wettability (hours) 

Untreated + air 108 ± 3 - 

Plasma torch + air 100 ± 4 ~ 24 

Plasma torch + water 61 ± 4 2 - 3 

Plasma torch + acrylic tape 35 ± 5 0.5 

 

XPS analysis were also carried out on the APPJ treated PDMS surfaces keep under 

different ageing conditions and, surprisingly, the PDMS aged in air which shows the 

higher hydrophobic recovery according water contact angle measurements, contains the 

higher amount of oxygen on the surface (Table IV-XI). On the other hand, the APPJ 

treated PDMS aged under water shows similar oxygen-carbon ratio than for the 

untreated PDMS surface, although its wettability is much higher.  

 

Table IV-XI. Atomic composition and oxygen-carbon ratio on APPJ treated PDMS surface after hydrophobic 

recovery under different ageing conditions. XPS experiments.  

Ageing 
conditions 

Atomic composition (at%) 
O/C 

Si C O N 

Air 30.8 33.8 35.3 0.1 1.04 

Water 19.1 52.6 26.6 1.7 0.50 

Acrylic tape 27.4 38.5 33.9 0.2 0.88 

 

The curve fitting of the C1s photopeaks of the APPJ treated PDMS keep under different 

storage conditions (Figure 4.32a) shows higher amount of C-OH species (binding energy : 

286.5 eV) and O-C=O species (binding energy: 288.5 eV) when it is stored in water, 

whereas these species are not detected on the PDMS surfaces aged in air or covered with 

acrylic adhesive tape. These species are not anchored to the polymeric structure by 

substitution of methyl groups, but they are bonded directly to the carbon group 
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indicating that probably a reaction between water molecules and activated species on the 

PDMS surfaces created by APPJ treatment. 
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Figure 4.32a – Curve fitting of C1s photopeak on APPJ treated PDMS surface under different ageing 

conditions. XPS experiments. 
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Figure 4.32b – Curve fitting of Si2p3/2 photopeak on APPJ treated PDMS surface under different ageing 

conditions. XPS experiments 
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On the other hand, the curve fitting of the Si2p3/2 photopeak of the APPJ treated PDMS 

keep under different storage conditions (Figure 4.32b) reveals that completely oxidized 

silicon atoms are nor present after soaking in water, since the species at binding energy of 

103.4 eV cannot be observed; however, these species are observed in the curve fitting of 

the PDMS surface aged in air and covered with acrylic adhesive tape. This may indicate 

the oxidation of the methyl groups instead of their substitution, in agreement with the 

findings in the C1s photopeaks. On the other hand, the APPJ treated PDMS aged in air and 

covered with acrylic adhesive tape show similar oxidation degree, but the second one 

shows slightly lower SiO4 content likely due to its partial physical removing when adhesive 

is removed. 

 

4.5 – CONCLUSIONS 

Among the different parameters involved in the surface treatment of PDMS with 

atmospheric pressure plasma torch, the nozzle-sample distance and the torch speed 

account more than the 80% of the effectiveness. These parameters show a relatively 

narrow range of values in which their effect on surface properties is maximal; however, 

the effect of each parameter doesn’t depend on each other, at least within the domain 

between 50 to 10 m/s of torch speed and 9 to 5 mm of nozzle-sample distance. 

Surface treatment of PDMS with atmospheric pressure plasma torch oxydizes the 

polysiloxane chain, replacing the pendant methyl groups by oxygen groups, mainly 

hydroxyl groups that may condensate forming a cross-linked structure that resemble a 

silica-like layer; as a consequence, an increase in the oxygen content on the surface 

increasing its hydrophilicity is produced.  

The lower are the torch speed and the nozzle-sample distance, the higher is the oxidation 

degree on the PDMS surface. When the surface treatment with atmospheric pressure 

plasma torch is carried out at high torch speed and long nozzle-sample distance, the 

silicon atoms of the siloxane bonds of the PDMS are partially oxidised, with only one 

methyl groups being replaced by oxygen groups. 
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The optimal atmospheric pressure plasma torch treatment conditions at which oxygen-

carbon ratio on PDMS treated surface is maximal are 10.3 m/s of torch speed and 6.6 mm 

of nozzle-sample distance.  

The silica-like layer formed on the PDMS surface by the atmospheric pressure plasma 

torch treatment generates a brittle layer, producing small cracks on the surface. 

Treatment with low torch speed increases the number of thin and superficial cracks, 

whereas the treatment with low nozzle-sample distance produces wide and deep cracks 

on the PDMS surface. On the other hand, the surface treatment with atmospheric 

pressure plasma torch generates small nanoroughness and pores of 1-2 microns diameter 

and an average roughness of 39 nanometers. 

Adhesion properties of PDMS to acrylic adhesive tape are noticeably improved after 

surface treatment with atmospheric pressure plasma torch, increasing the single-lap 

shear and T-peel strength in a 500% and 4500% regarding to the untreated material, 

respectively. In both cases, an adhesion failure between the PDMS and the adhesive is 

produced. On the other hand, the maximum adhesion strength is obtained in the joints 

made just after atmospheric pressure plasma torch treatment of PDMS, and it drops as 

the time increases. However, once the acrylic adhesive tape has been applied to the 

treated PDMS surface, the adhesive strength remains constant for six months at least. 

PDMS surface treated with atmospheric plasma torch shows hydrophobic recovery 

inmediately after treatment, and the hydrophilicity remains stable for 24 hours, the water 

contact angle values on the PDMS surface are lower values than in the untreated PDMS. 

Both the water contact angle value and the hydrophobic recovery rate during the first 

hours after treatment are different depending on the nozzle used in the torch (rotational, 

static) during atmospheric pressure plasma torch treatment, obtaining faster hydrophobic 

recovery but lower water contact angle value when the rotating nozzle is used. 

The environment of the treated PDMS surface during the storage after atmospheric 

pressure plasma torch treatment influences its extent of ageing. A polar environment 

reduces the hydrophobic recovery and higher hydrophilicity than in the PDMS stored 

under air is maintained. The storage under water creates new oxygen groups anchored to 



José A. Jofre - PhD Thesis                                                                                        Chapter 4.  APPJ 
 

197 
 

the polar species created on the treated PDMS surface, showing good wettability and 

giving low values of oxygen-carbon ratio. 

The application of acrylic adhesive tape on the just treated PDMS surface seems to 

immobilize the polar groups created by atmospheric pressure plasma torch treatment 

and prevents their reorientation onto the bulk, as well as it “seals” the cracks avoiding the 

migration of hydrophobic low molecular weight species from the bulk to the surface. 

 

4.6 – REFERENCES 

 
[1] A. Schültze, J.Y. Jeong, S.E. Babayan, J. Park, G.S. Selwyn, R.F. Hicks. The atmospheric 

pressure plasma jet: a review and comparison to other plasma sources. IEEE Transactions 

on Plasma Science 26(6), 1685 – 1694 (1998). 

[2] C. Tendero, C. Tixier, P. Tristant, J. Desmaison, P. Leprince. Atmospheric pressure 

plasmas: A review. Spectrochimica Acta Part B: Atomic Spectroscopy 61(1), 2 – 30 (2006). 

[3] A. Fridman, A. Chirokov, A. Gutsol. Non-thermal atmospheric pressure discharges. 

Journal of Physics D: Applied Physics 38(2), 1 – 24 (2005). 

[4] S.P. Kuo, E. Koretzky. Temperature measurement of an atmospheric-pressure plasma 

torch. Review of Scientific Instruments 70(7), 3032 – 3034 (1999). 

[5] J. Pulpytel, V. Kumar, P. Peng, V. Micheli, N. Laidani, F. Arefi-Khonsari. Deposition of 

organosilicon coatings by a non-equilibrium atmospheric pressure plasma jet: Design, 

analysis and macroscopic scaling law of the process. Plasma Processes and Polymers 8(7), 

664 – 675 (2011). 

[6] A. Kuwabara, S. Kuroda, H. Kubota. Development of atmospheric pressure low 

temperature surface discharge plasma torch and application to polypropylene surface 

treatment. Plasma Chemistry and Plasma Processes 28(2), 263 – 271 (2008). 

[7] N. Encinas, R.G. Dillingham, B.R. Oakley, J. Abenojar, M.A. Martínez, M. Pantoja. 

Atmospheric pressure plasma hydrophilic modification of a silicone surface. The Journal of 

Adhesion 88(4-6), 321 – 336 (2012). 



Chapter 4.  APPJ                                                                                        José A. Jofre - PhD Thesis 
 

198 
 

[8] O. Carton, D. Ben Salem, S. Bhatt, J. Pulpytel, F. Arefi-Khonsari. Plasma polymerization 

of acrylic acid by atmospheric pressure nitrogen plasma jet for biomedical applications. 

Plasma Processes and Polymers 9(10), 984 – 993 (2012). 

[9] H. Hillborg, M. Sandelin, U.W. Gedde. Hydrophobic recovery of polydimethylsiloxane 

after exposure to partial discharges as a function of crosslink density. Polymer 42(17), 

7349 – 7362 (2001). 

[10]K. Fateh-Alavi, U.W. Gedde. Effect of stabilizers of surface oxidation of silicone rubber 

by corona discharge. Polymer Degradation and Stability 84(3), 469 – 474 (2004). 

[11] J. Kim, M.K. Chaudhury, M.J. Owen. Hydrophobic recovery of polydimethylsiloxane 

elastomer exposed to partial electrical discharge. Journal of Colloid and Interface Science 

226(2), 230 – 236 (2000). 

[12] S. Bhattacharya, A. Datta, J.M. Berg, S. Gangopadhyay. Studies of surface wettability 

of poly(dimethyl) siloxane (PDMS) and glass under oxygen-plasma treatment and 

correlation with bond strength. Journal of Microelectromechanical Systems 14(3), 590 – 

597 (2005). 

[13] J.Y. Lai, Y.Y. Lin, Y.L Denq, S.S. Shyu, J.K. Chen. Surface modification of silicone rubber 

by gas plasma treatment. Journal of Adhesion Science and Technology 10(3), 231 – 242 

(1996). 

[14] N. De Geyter, R. Morent, T. Jacobs, F. Axisa, L. Gengembre, C. Leys, J. Vanfleteren, E. 

Payen. Remote atmospheric pressure DC glow discharge treatment for adhesion 

improvement of PDMS. Plasma Processes and Polymers 6(S1), S406 – S411 (2009). 

[15] M.J. Owen, P.J. Smith. Plasma treatment of polydimethylsiloxane. Journal of 

Adhesion Science and Technology 8(10), 1063 – 1075 (1994). 

[16] F. Arefi-Khonsari. Dépôt et traitement des polymers par procédes plasma. Formation 

Continue INPG, 17ème session, Traitements de Surface Par Plasmas, Grenoble, France. 

March 24 – 28, 2003. 



José A. Jofre - PhD Thesis                                                                                        Chapter 4.  APPJ 
 

199 
 

[17] D. Bodas, J.Y. Rauch, C. Khan-Malek. Surface modification and ageing studies of 

addition-curing silicone rubbers by oxygen plasma. European Polymer Journal 44(7), 2130 

– 2139 (2008). 

[18] Olander, A. Wirsen, A.C. Albertsson. Oxygen microwave plasma treatment of silicone 

elastomer: Kinetic behavior and surface composition. Journal of Applied Polymer Science 

91(6), 4098 – 4104 (2004).  

[19] M.D. Romero-Sánchez, J.M. Martín-Martínez. Surface modifications of vulcanized SBR 

rubber by treatment with atmospheric pressure plasma torch. International Journal of 

Adhesion and Adhesives 26(5), 345 – 354 (2006). 

[20] E.P. Everaert, H.C. Van der Mei, J. de Vries, H.J. Brusscher. Hydrophobic recovery of 

repeatedly plasma-treated silicone rubber. Part 1: Storage in air. Journal of Adhesion 

Science and Technology 9(9), 1263 – 1278 (1995). 

[21] H. Hillborg, J.F. Ankner, U.W. Gedde, G.D. Smith, H.K. Yasuda, K. Wikström. 

Crosslinked polydimethylsiloxane exposed to oxygen plasma studied by neutron 

reflectrometry and other surface specific techniques. Polymer 41(18), 6851 – 6863 (2000). 

 

 



 

 

 



 

 

 

 

 

 

 

 

Chapter 5 

DBD plasma treatment of PDMS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



José A. Jofre - PhD Thesis                                                                                          Chapter 5. DBD 

203 
 

 

 

 

 

 

 

5.1 – INTRODUCTION  

Dielectric Barrier Discharges (DBD) are widely used to generate atmospheric pressure 

plasmas. They consist of two electrodes covered by a dielectric material which prevents 

the transition to an arc, limiting the discharge current through the electrodes [1]. DBD 

treatment improves the performance of corona discharge as alternative to low-pressure 

plasmas inasmuch as the charge accumulation on the dielectric layer helps to sustain the 

discharge at lower voltage [2] maintaining a stable and homogeneous glow under 

atmospheric pressure. 

In spite of the growing interest of other sources of atmospheric plasmas such as plasma 

torches, DBD plasmas continue being used nowadays because they are simple and 

treatments are fast and homogeneous. In fact, a large number of papers on DBD plasmas 

have been published in the recent years for surface modification of materials [3-7], film 

deposition by plasma polymerization [8-13] or sterilization and biocompatibilization in 

biomedical applications [14-18], among other. 

However, to the best of our knowledge there’s only one research work in which the 

influence of the DBD plasma treatment on the wettability and surface chemistry of PDMS 

surface [19]. In this paper the length of treatment has been studied as the unique 

parameter in a discontinuous plasma process, maintaining fixed the rest of the 

experimental parameters. It was found that the wettability of PDMS increased by 

increasing the length of treatment reaching its minimum value after 2 minutes of plasma-
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exposure. Moreover, hydrophobic recovery was monitored by water contact angle 

measurements and half-time of hydrophobic recovery was reached after 2 days. Finally, it 

was found that significant increase in peel strength values were obtained in joints made 

with two similarly treated PDMS materials (without adhesive). Nevertheless, to the best 

of our knowledge, the study of the surface modifications on DBD treated PDMS as a 

function of the treatment parameters and their influence on their surface properties have 

not been carried out yet. 

 

5.2 – OBJECTIVES 

Following the methodology of the previous chapters, in this one different parameters of 

the dielectric barrier discharge atmospheric plasma treatment have been identified and 

their influence on PDMS wettability and surface chemistry have been assessed. 

Therefore, the specific objectives of this chapter are detailed below: 

- To find the key parameters of the atmospheric plasma DBD which affect the 

wettability of PDMS. 

- To analyze the modifications produced on the treated PDMS with DBD plasma 

under different treatment conditions. 

- To study the effect of the main parameters of DBD plasma treatments on the 

PDMS surface properties. 

- To find the optimal treatment conditions of PDMS with atmospheric DBD plasma. 

- To compare the adhesion properties of DBD plasma treated PDMS with these 

obtained by treatment with other atmospheric plasma sources. 

 

5.3 – EXPERIMENTAL 

Homemade DBD plasma system was used in this study (Figure 5.1a). It is composed of a 

PMMA chamber covering the electrodes of the DBD plasma system. The upper powered 

electrode is cylindrical stainless steel rod (1.0 cm diameter) connected to the high voltage 

generator, and it is covered by coaxial outer ceramic tube as dielectric barrier (1.7 cm 

external diameter). The upper electrode can be moved vertically so the gap or distance to 
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the bottom electrode can be varied. On the other hand, the bottom electrode is a square 

steel plate (10 cm x 10 cm) connected to ground and it is covered by glass plate of 10 cm x 

10 cm x 2 mm [2]. The grounded electrode is supported on two cylindrical bars, and a 

third screwed rod leads the forward and backward displacement of the system by axial 

rotation at controlled speed.  

Power

 
Figure 5.1a - Scheme of the Dielectric Barrier Discharge (DBD) atmospheric plasma system. 

 

The plasmogen gas used was air and, in order to keep low level of impurities in the 

discharge region during plasma treatment, a gas diffuser with a slot of 3 mm in front of 

the discharge region is placed. Figure 5.1b shows a photo of the discharge system layout 

with the diffuser located between the electrodes. 

 

 

Figure 5.1b - Detail of the gas diffuser located at the bottom of the powered electrode (white device). 

 
Apart from the distance between the electrodes (gap) and the speed of the platform 

(which determines the time of exposure of the PDMS surface to the plasma), the power 
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of the upper electrode can be varied by changing the voltage, the intensity of the current 

and the frequency of the AC power source. For controlling the speed of displacement of 

the platform, the screwed rod is connected to an electrical motor which rotation speed is 

controlled by modulating the voltage applied; thus, in order to establish a voltage/speed 

relationship, the speed was measured at different values of voltages and a good 

correlation was obtained (Figure 5.2). 
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Figure 5.2 - Relationship between the voltage applied to the electrical motor and the platform speed in the 

DBD plasma equipment. 

 

5.4 – RESULTS AND DISCUSSION 

5.4.1 – Optimization of the DBD plasma treatment of PDMS 

The main parameters chosen to study the effectiveness of the atmospheric DBD plasma 

on the surface modification of PDMS are shown in Table V-I. The parameters are the 

speed of displacement of PDMS film across the glow discharge (which is equivalent to the 

time of exposure to plasma in discontinuous systems), the distance between the 

electrodes (gap), the voltage applied, the frequency of the power source and the 

electrical current. The influence of the number of passes and the time elapsed between 

two consecutive passes have been also studied. Table V-I shows also the values of low 

and high levels at which these parameters have been set.  

Considering to values of the parameters in Table V-I, the experimental plan following a 

Plackett-Burman matrix is given in Table V-II, where 8 experiments of DBD plasma 



José A. Jofre - PhD Thesis                                                                                          Chapter 5. DBD 

207 
 

treatment of PDMS are planned by changing the values levels of all parameters 

simultaneously. For each experiment, the values of hydrophilicity obtained by water 

contact angle measurements are also shown in Table V-I. Depending on the parameters 

set, differences on PDMS wettability are produced, from a reduction of only few degrees 

in contact angles with regard to the untreated material (109 degrees) to a reduction up to 

the half of the value of contact angle for the pristine material. 

 
Table V-I. Parameters of DBD plasma treatment of PDMS and values of two levels. 

Parameter Code Units 
Values 

Level (-) Level (+) 

Speed A mm/s 8 15 

Gap B mm 2 3 

Frequency C kHz 0.5 1 

Voltage D V 15 20 

Current E mA 0.2 0.3 

Number of passes F - 1 2 

Time between passes G min 0 1 

 

 

Table V-II. Experimental arrays in the screening design of the DBD plasma treatment of PDMS with the set 

values of factors for each experiment, and values of water contact angles (WCA) used as response variable. 

EXPERIMENT 
FACTORS 

WCA 
(degrees) 

A 
(cm/min) 

B 
(mm) 

C 
(kHz) 

D 
(V) 

E 
(mA) 

F 
 

G 
(min) 

1 21 2 1 15 0.2 3 5 100 ± 3 

2 21 3 0.5 15 0.3 2 5 101 ± 3 

3 21 3 0.5 20 0.2 3 1 97 ± 3 

4 7 3 1 20 0.2 2 5 54 ± 4 

5 21 2 1 20 0.3 2 1 94 ± 3 

6 7 3 1 15 0.3 3 1 60 ± 5 

7 7 2 0.5 20 0.3 3 5 73 ± 4 

8 7 2 0.5 15 0.2 2 1 100 ± 3 
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Figure 5.3 shows the values of coefficients obtained from linear regression made with the 

water contact angle values obtained during the screening design of the DBD plasma 

treatment parameters. The highest coefficient value corresponds to the speed across the 

glow discharge, i.e. the higher is the time of exposure to plasma, the lower is the water 

contact angle value, and the value is positive. The next influencing factor in the DBD 

plasma treatment of PDMS is the voltage, followed by the distance between electrodes. 

On the other hand, the screening design shows that lower distances between the 

electrode and the PDMS surface produce lower reduction of hydrophobicity, probably 

due to overtreatment of the surface at very low distance (lower than 1 mm). The 

relatively low values of coefficients with regard to the base coefficient indicate that the 

effect of the individual factors is not as important as the global process, contrary to what 

happen in other atmospheric pressure plasma sources such as plasma jet. 
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Figure 5.3 – Coefficients of linear response for the different factors selected in the DBD plasma treatment of 

PDMS in the screening design.  

 

Figure 5.4 shows the Pareto approach indicating that the speed of the platform supports 

more than 50 % of the effect of DBD plasma treatment on the hydrophobicity changes of 
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PDMS, and this parameter together with the voltage and the gap cover more than 80% of 

the global effect. 
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Figure 5.4 - (a): Normalized residual values obtained from standardized normal plot of changes on 

wettability of the factors of the DBD surface treatment of PDMS; (b): Pareto diagram with cumulative 

residual values; the key factors are highlighted in red.  

 

 

The influence of the platform speed during DBD plasma treatment of PDMS keeping 

constant the rest of variables on the water contact angle values is shown in Figure 5.5. 

The hydrophobicity is moderately reduced when the PDMS surface is treated at platform 

speeds higher than 7 cm/s; however, for speeds of 7 cm/s or lower the hydrophobicity 

drops dramatically (water contact angle value is 30 degrees). Thus, if the value of 

platform speed chosen for low level in the screening design of the DBD plasma treatment 

of PDMS had been lower than 7 cm/s, the regression coefficient for that factor would 

have masked the effect of the rest of values. Table V-III shows the equivalences between 

speed and time to exposure for the experimental data and thel values of water contact 

angles; as it can be expected, the higher is the time for exposure to plasma, the lower is 

the hydrophobicity of the DBD plasma-treated PDMS surface. 
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Figure 5.5 - Variation of the water contact angle as a function of the speed on PDMS treated with DBD 

plasma. Gap: 1 mm; voltage: 10 V; power frequency: 1 kHz. 

 

Table V-III.Water contact angle values (25ºC) on PDMS treated with DBD plasma at different platform 

speeds. Gap: 1 mm; voltage: 10 V; power frequency: 1 kHz. 

Platform speed 
(cm/min) 

Time of exposure 
(s) 

Water contact angle 
(degrees)  

∞ (untreated) 0 109 ± 2 

21 5 105 ± 1 

14 7 101 ± 2 

7 14 96 ± 1 

1 85 30 ± 2 

 

 

The influence of the voltage was also studied separately since it has been considered in 

the existing literature as one of the parameters determining the DBD plasma 

effectiveness of polymers [3-7]. Figure 5.6a shows that the PDMS surface treated with 

DBD plasma at the lowest voltage (10 V) produces a slight reduction of the water contact 

angle value, but it is reduced more significantly when 15 V are used. The water contact 

angle values are maintained almost constant up to the maximum voltage (20 V), 

confirming that the interval for the screening design was appropriately chosen. Figure 

5.6b shows the photos of the water drops and the water contact angle values of the DBD 

plasma treated PDMS with different voltages. 
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Figure 5.6a - Water contact angle values (25ºC) on PDMS treated with DBD plasma as a function of the 

voltage. Gap: 1 mm; platform speed: 1.3 mm/s; frequency: 1 kHz. 

 

    

Untreated 

Ɵ = 109 ± 1º 

10 V 

Ɵ = 96 ± 2º 

15 V 

Ɵ = 64 ± 4º 

20 V 

Ɵ = 28 ± 5º 

Figure 5.6b – Photos of water drops on untreated and DBD treated PDMS surfaces using different voltage. 

 

 

Since there are three factors to consider in the DBD plasma treatment (platform speed, 

voltage applied and gap) a full factorial 2k experimental design was performed to obtain 

the optimal conditions of DBD treatment that minimize the hydrophobicity of PDMS 

(Figure 5.7). This type of experimental layout allows obtain one-degree surface responses 

since all parameters are varied into two levels (plus a third level corresponding to the 

central point – experiment 9 in Figure 5.7). The full factorial 2k experimental design was 

chosen instead of other two-degree polynomial experimental design, such as Doehlert, 

Central Composite or Box-Behnken designs, due to the higher amount of experiments to 

carry out in these layouts for three factors. Nevertheless, a full factorial design can be 
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modelled successfully as long as the effect of the analyzed factors on the response 

variable is linear within the studied domain, and when no significant interactions between 

factors are produced. 
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Figure 5.7 - Full Factorial 2
k
 design for 3 factors used in modelling DBD plasma treatment of PDMS. 

 

Table V-IV. Factors of DBD plasma treatment to be studied and their levels for a 2
k
 Full Factorial Design. 

FACTOR 
LEVEL 

-1 0 +1 

Platform speed (cm/min) 6 11 16 

Voltage (V) 12 16 20 

Gap (mm) 1 2 3 

 

The studied domain is comprised between 6 and 16 cm/min of platform speed, 12 to 20 V 

of applied voltage and 1 to 3 mm of gap (Table V-IV). These limits have been chosen due 

to the linear response factors on PDMS hydrophobicity, as it has been shown above. The 

rest of parameters of the DBD plasma treatment of PDMS were kept constant at 1 kHz 

frequency and 0.3 mA of electrical current. Experiments were carried out with one DBD 
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treatment only. The values of each factor in the experiments are given in Table V-V, 

together with the water contact angle values. 

Table V-V. DBD plasma treatment parameters for each experiment of Full Factorial Design and values of 

water contact angle as response variable.   

No. Experiment 
(node) 

Speed 
(cm/min) 

Voltage 
(V) 

Gap  
(mm) 

WCA 
(degrees) 

Untreated - - - 109 ± 1 

1 6 12 3 85 ± 3 

2 16 12 3 103 ± 3 

3 6 20 3 13 ± 2 

4 16 20 3 43 ± 3 

5 6 12 1 86 ± 2 

6 16 12 1 102 ± 2 

7 6 20 1 11 ± 2 

8 16 20 1 52 ± 3 

9 11 16 2 61 ± 3 
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Figure 5.8 - Response surfaces as a function of the speed, voltage and gap in the DBD plasma treatment of 

PDMS.  Response variable: Water contact angle (WCA) value. 
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Figure 5.8 shows the response surfaces obtained from the Full Factorial Design using 

water contact angle value as response variable. They are different planes depending on 

the platform speed and the applied voltage parameters obtained at different fixed values 

of gap. The different planes are parallel, indicating negligible effect on surface wettability 

of the gap regarding to the rest of factors, and the lack of interaction between them. 

 

The resulting polynomial regression equation of first-order is given as equation (5.1), 

which coefficients are given in Table V-VI. From equation (5.1) and applying the equations 

(5.2a) (5.2b) and (5.2c), the changes in hydrophobicity of the PDMS treated with DBD 

plasma under any treatment conditions enclosed within the experimental domain can be 

calculated theoretically. Table V-VII shows a comparison between the values of water 

contact angles obtained experimentally in the Full Factorial Design and those values 

obtained theoretically from equations (5.1), and (5.2a) (5.2b) and (5.2c). Small differences 

between both values are obtained confirming that first-order polynomial fitting is 

reasonable. Moreover, the average difference in theoretical and experimental water 

contact angle values is of about 5 degrees, which is slightly higher than the experimental 

error in contact angle mesurements. Thus, the model developed can be used successfully 

to predict the influence of the experimental parameters of the DBD plasma treatment on 

PDMS wettability. 

 

 

WCA (degrees) = b0 + b1x1 + b2x2 + b3x3                                       (5.1) 

 

 
Table V-VI. Values of regression coeficients of equation (5.1). 

Coefficient Value 

b0               72.32 

b1              10.50 

b2              -40.16 

b3               0.87 
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                                                         (5.2a) 

 

                                                           (5.2b) 

 

                                                         (5.2c) 

 

 
Table V-VII. Parameters of DBD plasma treatment of PDMS for each experiment of Full Factorial design and 

values of water contact angle obtained experimentally and calculater theoretically.   

Experiment 
(node) 

Speed 
(cm/min) 

Voltage 
(V) 

Gap 
 (mm) 

WCA (degrees) 

Experimental Theoretical 

1 6 12 3 85 ± 3 79.8 

2 16 12 3 103 ± 3 106.0 

3 6 20 3 13 ± 2 15.5 

4 16 20 3 43 ± 3 41.8 

5 6 12 1 86 ± 2 81.5 

6 16 12 1 102 ± 2 107.8 

7 6 20 1 11 ± 2 17.3 

8 16 20 1 52 ± 3 43.5 

9 11 16 2 61 ± 3 61.6 

 

 

5.4.2 – Optimization of the DBD plasma-treated PDMS surface. 

DBD plasma treated PDMS materials following the experimental design given above were 

also characterized by XPS, in order to analyze the influence of the DBD plasma treatment 

conditions on the surface chemistry of PDMS. Table V-VIII shows the elemental chemical 

surface composition, as well as the oxygen-carbon and oxygen-silicon atomic ratios. The 

differences in surface composition and O/C and Si/O ratios are not in agreement with the 

variations in hydrophobicity. This could be due to the existence of interactions between 

the different factors when the chemical composition of the DBD plasma treated PDMS is 

considered as response variable. This is confirmed by analyzing in a interaction plot the 

effect of one factor at different values of the others. Figure 5.9a shows that the effect of 

the voltage on the water contact angle values at different values of platform speed is 
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described as two parallel lines, indicating no interaction between these two variables. 

However, in Figure 5.9b is observed that the variation of the voltage on the surface 

chemistry (O/C ratio) of the DBD plasma treated PDMS shows different trend depending 

on the values of platform speed. Thus, the surface chemistry cannot be used as response 

variable to obtain the optimal DBD plasma treatment conditions of PDMS by a planar 

surface response from a Full Factorial experimental design at two levels. 

Table V-VIII. Parameters of the DBD plasma treatment of PDMs for each experiment of Full Factorial Design 

and values of water contact angles obtained experimentally and theoretically.   

Experiment 
Chemical composition (at%) 

O/C O/Si 
C O Si N 

Untreated 45.9 24.3 29.8 - 0.53 0.81 

1 42.3 30.4 27.1 0.2 0.72 1.12 

2 40.5 31.1 28.0 0.4 0.77 1.11 

3 37.0 34.1 28.1 0.8 0.92 1.21 

4 40.2 31.2 28.2 0.4 0.78 1.11 

5 38.6 32.9 27.8 0.7 0.85 1.18 

6 37.9 32.6 29.1 0.4 0.86 1.12 

7 39.1 34.0 26.4 0.5 0.87 1.29 

8 37.9 32.2 29.4 0.5 0.85 1.10 

9 36.6 32.9 30.0 0.5 0.90 1.10 
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Figure 5.9 – Interaction plots of the water contact angle (a) and oxygen-carbon ratio (b) values with the 

voltage on DBD-plasma treatment of PDMS at different platform speeds and 3 mm of gap. 
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Differences on the surface chemical composition produced by DBD plasma treatment 

conditions of PDMS were also assessed by curve fitting of Si2p3/2 core level obtained with 

XPS. The values of the different parameters of the DBD plasma treatment influence 

noticeably the extent of oxidation of the PDMS surface. Table V-IX shows the atomic 

content of silicon species bonded to different number of oxygen atoms : silicon bonded to 

two atoms of oxygen ((CH3)2SiO2), silicon bonded to three atoms of oxygen ((CH3)SiO3), 

and fully oxydized siloxane (SiO4) - silica-like structure. These oxidation states are 

characterized by different binding energies - 102.1, 102.8 and 103.4 eV, respectively 

[20,21]. However, the curve fitting of Si2p3/2 core level of the DBD plasma-treated PDMS 

samples with medium or high levels of voltage show another contribution at a binding 

energy of 104.5 eV (Table V-IX). The gap doesn’t affect significantly to the formation of 

these new species, and the lower is the platform speed (i.e. longer length of treatment) 

during the DBD plasma treatment, the more noticeable is the contribution at a binding 

energy of 104.5 eV. The species with binding energy of 104.5 eV can be attributed to 

silicon atoms bonded to oxygen species in a non-stoichiometric ratio (SiOx) containing 

more than four oxygen atoms per silicon atom, for example SiO-O-OSi species, produced 

probably by the formation of a crystalline structure of a silicon compound [22,23]. 

Figure 5.10a shows the curve fitting of Si2p3/2 core level for untreated and DBD plasma 

treated PDMS of the middle-point in the Full Factorial experimental design. Figures 5.10b 

and 5.10c show the curve fitting of Si2p3/2 of the PDMS surfaces treated at different 

platform speeds and voltages, and gaps of 3 and 1 mm, respectively. The blue, green, red 

and yellow curves correspond to the contributions of the (CH3)2SiO2, (CH3)SiO3, SiO4 and 

SiOx species, respectively. The black curves are the fitted curves resulting from the sum of 

all contributions and the points are the experimental data, indicating a very good 

adjustment. 
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Table V-IX. Content of silicon oxygen species on PDMS surface after DBD plasma treatment at different 

conditions. XPS experiments.   

Sample 
Speed 

(cm/min) 
Voltage 

(V) 
Gap  

(mm) 

Silicon–oxygen species (at%) 

Si(CH3)2O2   
(102.1 eV) 

Si(CH3)O3  
(102.8 eV) 

SiO4          

(103.4 eV) 
SiOx         

(104.5 eV) 

Untr. - - - 87.7 - 12.3 - 

1 6 12 3 52.8 2.7 44.5 - 

2 16 12 3 42.0 29.1 28.9 - 

3 6 20 3 17.9 - 25.3 56.8 

4 16 20 3 15.1 - 32.5 52.0 

5 6 12 1 39.0 5.2 55.8 - 

6 16 12 1 66.8 - 33.2 - 

7 6 20 1 8.2 - 3.9 87.9 

8 16 20 1 14.4 - 49.5 36.1 

9 11 16 2 50.3 - 28.4 21.3 
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Figure 5.10a – Curve fitting of Si2p3/2 core level for untreated and DBD plasma treated PDMS of the middle-

point in the Full Factorial experimental design. XPS experiments. 
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Figure 5.10b – Curve fitting of Si2p3/2 core level for DBD plasma treated PDMS at different platform speeds 

and voltages using a gap of 3 mm. XPS experiments.  
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Figure 5.10c – Curve fitting of Si2p3/2 core level for DBD plasma treated PDMS at different platform speeds 

and voltages using a gap of 1 mm. XPS experiments.  

 

Curve fitting of C1s core level of the PDMs materials treated with DBD plasma was also 

carried out. The DBD plasma treatment produces mainly oxidation of carbon atoms 

rending C-O species (binding energy : 286.1 eV). Low values of platform speed affect 

significantly to the formation of these species (Table  V-X). However, the DBD plasma 

treatments carried out at high levels of voltage produce carbonyl species (C=O) mainly at 

a binding energy of 287.3 eV. This is in accordance with the proposed formation of non-

stoichiometric silicon-oxygen species.  

Figure 5.11a shows the C1s core levels of PDMS before and after DBD plasma treatment 

at medium levels of the three factors, and Figures 5.11b and 5.11c shows the curve fitting 

of C1s core levels of the DBD plasma treated PDMS surfaces at different platform speeds 

and voltages using gaps of 3 and 1 mm, respectively. In these figures, the blue, green and 
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red curves correspond to the contributions of C-C/C-H, C-O and C=O species, respectively. 

On the other hand, the C1s photopeak of sample 8 in the Full Factorial experimental 

design shows a small contribution (lower than 3 at%) of another carbon-oxygen species at 

higher binding energy (289.2 eV) - Table V-X- that can be ascribed to carboxylate species 

or to carbonyl group bonded to nitrogen atoms. Very good adjustment can be observed 

again between the fitted curves (black curves) and the experimental data (brown points). 

 

Table V-X. Content of carbon species on PDMS surface after DBD plasma treatment at different conditions. 

XPS experiments.  

Sample 
Speed 

(cm/min) 
Voltage 

(V) 
Gap  

(mm) 

Carbon species (at%) 

C-H, C-Si 
(284.7 eV) 

C-O 
(286.2 eV) 

C=O 

(287.3 eV) 
O-C=O 

(289.2 eV) 

Untr. - - - 100 - - - 

1 6 12 3 37.9 62.1 - - 

2 16 12 3 100 - - - 

3 6 20 3 36.0 44.8 19.2 - 

4 16 20 3 57.0 34.4 8.6 - 

5 6 12 1 27.4 72.6 - - 

6 16 12 1 66.8 33.2 - - 

7 6 20 1 9.4 20.5 70.1 - 

8 16 20 1 54.2 20.7 22.3 2.8 

9 11 16 2 66.0 34.0 - - 
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Figure 5.11a – Curve fitting of C1s core level for untreated and DBD plasma treated PDMS of the middle-

point in the Full Factorial experimental design. XPS experiments. 
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Figure 5.11b – Curve fitting of C1s core level for DBD plasma treated PDMS at different platform speeds and 

voltages using a gap of 3 mm. XPS experiments.  
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Figure 5.11c – Curve fitting of C1s core level for DBD plasma treated PDMS at different platform speeds and 

voltages using a gap of 1 mm. XPS experiments.  

 
 

The incidence of the different experimental conditions of DBD plasma treatment on the 

topography of the PDMS surface has been assessed qualitatively by Scanning Electron 

Microscopy. Figure 5.12a shows the SEM micrographs at different magnifications of the 

untreated PDMS surface which is quite smooth.  In Figure 5.12a is also shown the surface 

of the DBD treated PDMS surface under medium values of factors (middle point of the 

experimental plan). Thin cracks appear with very small width and thickness, and flat 

craters with diameter between 1 and 5 microns are also observed which could be 

produced by local shrinkage due to additional crosslinking on the PDMS surface caused by 

DBD plasma treatment. 
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Figure 5.12a – SEM micrographs at different magnifications of untreated and DBD plasma treated PDMS of 

the middle-point in the Full Factorial experimental design. 

 

Figure 5.12b shows the SEM micrographs of the DBD plasma treated PDMS surfaces at 

different platform speeds and voltages for a gap of 3 mm. The PDMS surface treated with 

high voltage shows shallow cracks and flat craters too, which are more marked when low 

platform speed is used. This can be ascribed to the more important silica-like layer 

produced at high voltages, in agreement with XPS experiments. On the other hand, the 

PDMS surfaces treated with low voltage don’t show cracks because of the lower oxidation 

of the siloxane group causing less silica-layer; however, slight waves appear on the 

surface likely be due to the formation of a new functionalized layer that seems softer 

than the silica-like layer, this particular roughness is more pronounced when slow 

platform speed is used during DBD plasma treatment. 

Figure 5.12c shows the SEM micrographs of the DBD plasma treated PDMS surfaces at 

different platform speeds and voltages for a gap of 1 mm (shorter gap than in the SEM 

microgrphs of Figure 5.12b). The treated PDMs surfaces show the same features than 

those discussed for a gap of 3 mm but the surface modifications are significantly more 

pronounced. Thus, the wavy PDMS surface at low voltages and the cracked surface at 

high voltage are more marked, producing stiffer and more brittle PDMS surface. 



José A. Jofre - PhD Thesis                                                                                          Chapter 5. DBD 

225 
 

 

25 mm 5 mm

 

25 mm 5 mm

 

Speed = 6 cm/min 
Voltage = 20 V 

 

Speed = 16 cm/min 
Voltage = 20 V 

 

25 mm 5 mm

 

25 mm 5 mm

 

Speed = 16 cm/min 
Voltage = 12 V 

 

Speed = 6 cm/min 
Voltage = 12 V 

 
Figure 5.12b – SEM micrographs at different magnifications of DBD plasma treated PDMS at different 

platform speeds and voltages for a gap of 3 mm.  
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Figure 5.12c – SEM micrographs at different magnifications of DBD plasma treated PDMS at different 

platform speeds and voltages for a gap of 1 mm.  

 

Summarizing, the increase of surface hydrophilicity and the creation of surface chemistry 

of DBD plasma treated PDMS is enhanced when high voltage and slow platform speed are 

used. On the other hand, the gap has small influence on the wettability of PDMS but the 

surface chemistry and topography are moderately enhanced when a gap of 1 mm is used. 
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Thus, the optimal DBD plasma treatment conditions that maximize the surface properties 

for improving adhesion of PDMS are high voltage, slow platform speed and short gap. 

However, the use of these experimental conditions produces the formation of thick brittle 

silica-like layer whicg can be detrimental for ageing accelerating the hydrophobic 

recovery. Therefore, the experimental conditions selected for optimizing the adhesion of 

DBD plasma treated of PDMS were medium voltage (15 V) and gap (2 mm), and long 

length of treatment (platform speed : 1 cm/min). 

The roughness of the DBD plasma treated PDMS surface treated at 15 V, 1 cm/min and 2 

mm of gap was quantified by using AFM. Figure 5.13a shows the 2D and 3D AFM 

micrographs of the untreated PDMS surface which is very smooth having an average 

nano-roughness of 17 nm. On the other hand, the AFM microgrpahs of the DBD plasma 

treated PDMS surface shows small nano-roughness and irregular crevices and valleys 

which increase the average roughness to 29 nanometers (Figure 5.13b). The changes in 

PDMS surface nanoroughness can be  better distinguished in Figure 5.13c in which the 

AFM profiles of the untretae dand DBD plasma treated PDMS surface are compared. 

Although the profiles are quite similar, the DBD plasma treated PDMS is less 

homogeneous; further, the root-mean-square roughness value increases from 21 nm 

(untreated) to 48 nm after DBD plasma treatment. 
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Figure 5.13a – AFM micrographs of the untreated PDMS surface. 
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Figure 5.13b - AFM micrographs of the PDMS surface after DBD plasma treatment. Platform speed: 1 cm/s; 

voltage: 15 V; gap : 2 mm.  
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Figure 5.13c - AFM roughness profiles of the untreated and DBD plasma treated PDMS surface. Platform 

speed: 1 cm/s; voltage: 15 V; gap : 2 mm.  

 

5.4.3 – Hydrophobic recovery in DBD plasma-treated PDMS. 

Ageing of DBD plasma treated PDMS surface stored in air was monitored by water 

contact angle measurements. Figure 5.14 shows the changes on hydrophilicity along the 

ageing time. The water contact angle increases rapidly in four hours after treatment (from 
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31 to 44 degrees). The half-time of hydrophobic recovery is reached after 8 hours of 

ageing (water contact angle : 51 degrees) and an additional increase of 16 degrees in 

water contac tangle is produced; the hydrophobic recovery is completed after 72 hours (3 

days) with a water contact angle value of 63 degrees. Almost no changes in 

hydrophobicity were observed within the following 24 hours, so the value of stable water 

contact angle is near to 63 degrees, a value significantly lower  in comparison with the 

values obtained on PDMS surfaces treated with other atmospheric plasmas. 
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Figure 5.14 – Hidrophobic recovery on DBD plasma treated PDMS surface stored in air. 

 

The adhesion properties of DBD plasma treated PDMS were evaluated by T-peel tests of 

treated PDMS/acrylic adhesive tape joints. T-peel tests were also carried out 1 week after 

joint formation made with the just DBD plasma treated PDMS. Figure 5.15 shows that the 

DBD plasma treatment of PDMS produces a noticeable increase in peel (from 4 to more 

than 250 N/m). Moreover, in order to check the stability of the surface modification on 

the treated PDMS surface, a second batch of adhesive joints which were treated and 

joined at the same time than the ones tested 1 week after joint formation, was tested 6 

months after joining, and no differences in adhesion were found (Figure 5.15). In fact, 

Figure 5.16 shows T-peel adhesion curves obtained during testing the adhesive joints 

after 1 week and 6 months of being joined, and almost the same performance is 
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observed. Thus, adhesive joints made with plasma-DBD treated PDMS films are stable and 

durable for at least 6 months. 
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Figure 5.15 - Peel strength values in untreated or DBD plasma treated PDMS/acrylic adhesive tape joints at 

different values of time elapsed after joining. 
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Figure 5.16 - T-peel test curves of DBD plasma treated PDMS/acrylic adhesive tape joints at different values 

of time elapsed after joining.  
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5.5 - CONCLUSIONS 

The key parameters affecting the performance of DBD plasma of PDMS surface are the 

platform speed across the plasma glow-discharge, the voltage the gap between the 

power and ground electrodes. The power affects linearly the variation of the wettability 

of treated PDMS surface. 

The most important parameter producing the most noticeable changes in hydrophobicity 

of PDMS surface is the voltage, i.e. the voltage influences four times more than the 

platform speed. On the other hand, the gap between the power and ground electrodes 

doesn’t affect significantly when it is varied between 1 and 3 mm. There are not 

interactions between these three parameters. 

The changes on elemental chemical composition of the DBD plasma treated PDMS 

surface is a non-linear complex process and it cannot be modelled by using a first-order 

polynomial experimental design. However, the nature of the species created on the 

PDMS surface after DBD plasma treatment is strongly linked with the treatment 

parameters, mostly the voltage. 

At high values of voltage more oxidant species are created in the plasma state which 

produces new oxidized silicon and carbon species on the PDMS surface. On the other 

hand, lower values of platform speed favour the formation of C-O groups, and the gap  

has not a significant effect on the creation of new chemical species although low gap 

enhances the effectiveness of the voltage and the platform speed. 

The higher oxidation of the PDMS surface at high voltages generates stiff and brittle silica-

like layer which produce changes on the surface topography of the treated surface by the 

formation of thin cracks and pores, as well as flat craters. At low voltages and platform 

speeds no cracks are observed on the treated PDMS surface, but changes in surface 

topography are produced as waves. The nanoroughness of the PDMS surface is slightly 

increased after DBD plasma treatment, although it is less homogeneous than on the 

untreated PDMS surface. 

The hydrophobic recovery of PDMS after DBD plasma treatment is moderated, with an 

increase in water contact angle value around 30 degrees , reaching the stable contact 



Chapter 5. DBD                                                                                          José A. Jofre - PhD Thesis 
 

232 
 

angle value (63 degrees) after three days of storage in air. However, most of the 

hydrophilicity loss is produced within a few hours just after DBD plasma treatment, 

showing a half-time of hydrophobic recovery of around 8 hours. 

The treatment with DBD plasma increases noticeably the adhesion properties of PDMS 

surface to acrylic adhesive tape, with an increase higher than 6000%. The adhesion is 

maintained along the time at least for 6 months after DBD plasma treatment. 
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6.1 - INTRODUCTION 

Apart from surface modification, plasma treatments can be used for thin-film deposition 

produced by polymerization of monomeric precursors introduced in the plasma gas 

stream; this technique is called as plasma enhancement chemical vapour deposition (PE-

CVD) [1]. This is a relatively new and very promising procedure by using atmospheric 

plasma jet as it may allow obtaining specific surface properties on materials different of 

the bulk. These coated materials have a great potential in several applications particularly 

as biomaterials for medical applications [2].  

Coatings produced by PE-CVD has been developed for different substrates and 

precursors, both by using low-pressure [3-5] and atmospheric pressure plasmas [6-12] - 

mainly DBD (Dielectric Barrier Discharge) plasmas. Nevertheless, the use of plasma torch 

for polymerization of monomers and deposition of thin coatings is relatively new and it 

has the advantage of being faster than by using other atmospheric pressure plasmas [13]. 

Acrylic acid, for instance, has been used as precursor for polymerization on polymeric 

surfaces intended for biomedical applications [13-15]. Furthermore, different silanes such 

as hexamethylene disulphoxide (HMDSO), tetraethylortosilane (TEOS) or 

aminopropyltriethyl silane (APTES) [16-21] have been used for depositing coatings by 

polymerization with plasmas on different materials. However, to the best of our 

knowledge, the use of atmospheric pressure plasma jet (APPJ) for PE-CVD with these 

precursors have not been used for coating deposition in PDMS yet. However, it has been 
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established in the existing literature that the deposition of plasma coatings was effective 

way to prevent hydrophobic recovery in plasma treated PDMS [22-25]. 

Fluorinated precursors have been widely employed to produce fluorinated coatings to 

impart superhydrophobicity to PDMS surfaces because of the very low surface energy of 

fluorine compounds [26-27]. On the other hand, according to the Wenzel and the Cassie-

Baxter models, another way to create superhydrophobic surfaces is the creation of 

microstructures, nanostructures or hierarchical nanostructures on materials surfaces in 

which the controlled roughness produced lack of wettability due to the so-called “lotus-

leaf effect” [28]. Nano-roughned superhydrophobic surfaces have been  obtained by 

nano-lithography with negative patterns on PDMS surface producing high water contact 

angles [28-29], and some studies have combined both nano-lithography and hierarchical 

nanostructures for reaching superhydrophobicity [30].  

In this work, the polymerization of different precursors by atmospheric pressure plasma 

jet (APPJ) for obtaining coatings by PE-CVD of different precursors was carried out and 

the surfaces were characterized. Two different precursors were used, silane and 

polyurethane. Coating of PDMS with silane by PE-CVD using APPJ was used to obtain 

superhydrophobic surface, whereas the coating of PDMS with polyurethane by PE-CVD 

using APPJ was used to obtain hydrophylic surface. 

 

6.2 - OBJECTIVES 

In this chapter, the changes in surface wettability, surface chemistry and topography of 

coatings produced on PDMS by PE-CVD using two different precursors by atmospheric 

pressure plasma jet (APPJ) have been studied. The specific objectives of this study were : 

- To obtain stable coatings on PDMS using APPJ with different precursors for 

obtaining organic and inorganic films with improved hydrophobic and hydrophylic 

surface properties, respectively. 

- To determine the influence of the different parameters of the PE-CVD process 

assisted with APPJ on the properties of the coatings on the PDMS surface. 
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- To characterize the surface wettability, surface chemistry and topography of the 

coatings ond PDMS and analyze their relationship with the parameters of the 

plasma deposition. 

 

 

6.3 – EXPERIMENTAL 

PDMS films were coated by PE-CVD polymerization using APPJ plasma. The equipment 

used for applying the thin coatings on the PDMS surface by plasma deposition was 

Openair® Plasmatreater AS 400 (Plasmatreat GmbH – Steinhagen, Germany). This 

equipment consists in a modified plasma torch (Figure 6.1) in which a gas stream is 

introduced in a refillable tank vessel provided with a bubbling system containing the 

liquid precursor; the liquid precursor is evaporated into the carrier gas and then is 

introduced into the plasma torch just above the nozzle outlet. In this way, the precursor 

molecules are activated under the plasma flow and projected to the surface on which the 

polymerization is produced. A direct shot with static head nozzle is used.  

 

Ionization
gas (air)

Carrier
gas (N2)

Precursor 
(APTES)

Raster
(20 mm) 

Substrate
(PDMS)Height

(10 mm)

AC power
source

Nozzle

Plasma 
torch

 

Figure 6.1 - Scheme of the plasma torch system for plasma polymerization [31]. 
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On the other hand, the torch was held in a double-arm system which allowing it to move 

over the plane in two directions, covering a large surface area of the material to be 

coated. The system controls the displacement in the perpendicular direction to the 

treatment passes (raster) for obtaining more homogeneous coatings. In this study, the 

raster applied was 2 mm and each complete scan of torch above the whole PDMS surface 

corresponds to one pass. 

Although several parameters can be adjusted, only the number of passes and carrier gas 

flow were studied in this work, and rest of parameters was set constant. The plasma glow 

is ignited by a generator by means of an electrical field applied to the electrodes located 

inside the plasma gun, and values of frequency and current of the AC power supply were 

fixed at 25 kHz and 300 mA, respectively. A voltage corresponding to the 90% of 

maximum value (Vmax = 315 V) was applied and the Plasma Cycle Time was set at 100%. 

The ionization gas used was compressed synthetic air at a flow rate of 100 or 2000 l/h, 

and it was introduced throughout the upper part of the plasma gun. The carrier gas was 

nitrogen and the precursors used were 3-aminopropil trietoxysilane (APTES) and 

polyurethane. 

Silane containing an amine group, 3-aminopropyl triethoxysilane – APTES - (Figure VII.2) 

was used as precursor for obtaining silica coatings on the PDMS surface. This silane has 

been used successfully as primer for biomolecules immobilization on biomaterials 

surfaces [32,33]. APTES used in this study has 99% purity and was supplied by Sigma 

Aldrich Co. (St. Louis, MO, USA). The APTES monomer was introduced into the plasma jet 

by a carrier gas in a bubble system (Figure 6.3a) and the temperature was 25 °C. The 

speed of the gun was 10 m/min and the distance between the plasma jet and the PDMS 

surface was 10 mm. 

 

 

Figure 6.2 - Molecular structure of APTES.  
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For plasma coating of the PDMS surface with polyurethane, ethyl methyl ketone solution 

containing 17wt% solid polycaprolactone-based polyurethane Pearlstick 45-60/25 pellets 

(Lubrizol – Barcelona, Spain) was used. This polyurethane is an elastomer containing a 

high percentage of soft segments (i.e. polyol) and has high cristallinity. It was introduced 

in the plasma jet nozzle by using a pump operated syringe (DRE Medical Systems, 

Louisville KY, USA) able to control the flow rate of the precursor from 100 ml/h to 1200 

ml/h (Figure 6.3b).  

 

Carrier gas (N2)

Carrier gas 
+ APTES

Precursor 
(APTES)

To the
plasma jet

 

 
 
 

(a) (b) 

Figure 6.3 – (a): Bubble system used to introduce APTES precursor into the APPJ head; (b): pump operated 

syringe used to introduuce the polyurethane precursor into the APPJ head.  

 

Prior to the plasma polymerization, the surface of the PDMS film was activated by air 

plasma torch treatment under optimal conditions (10.3 m/min of torch speed and 6.6 mm 

of nozzle-sample distance), in order to increase the adhesion of the coatings on the PDMS 

surface. 
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6.4 – RESULTS AND DISCUSSION 

6.4.1 – Deposition of silica coatings on PDMS by atmospheric pressure plasma jet  

Figure 6.4a shows the ATR-IR spectra of the PDMS surface before and after being coated 

with APTES by using different number of passes, keeping constant the carrier gas flow at 

1.3 l/min. APTES deposition changes the chemistry of the PDMS surface, although not 

significant differences among the ATR-IR spectra of the coated PDMS after different 

passes are found, likely due to the thinnest of the deposited silica film which is probably 

lower than 1 micron. The coated PDMS surfaces show higher intensity of the silica bands 

at 1080 cm-1 and 1017 cm-1 (Si-O stretching bands) with respect to the intensity of the 

band at 791 cm-1 due to silicon bonded to methyl groups. The increase in the silica 

content on the coated PDMS can be due both to the polymerization and deposition of the 

organosilane and to the formation of silica-like layer. Furthermore, the ATR-IR spectra of 

the coated PDMS shows the formation of new hydroxyl and/or nitrogen groups at 3370 

cm-1.  

 

The changes in the surface chemistry of the PDMS coated with APTES are more important 

when higher carrier gas flow is used. Figure 6.4b shows the characteristic bands of silica 

due to symmetric and asymetric Si-O stretching at 1067 and 1014 cm-1, indicating the 

existence of a thicker silica layer on PDMS. Moreover, new nitrogen and/or hidroxyl 

species are created in the coated PDMS, and the intensity of the methyl (2979 and 2924 

cm-1) and methylene groups (2855 cm-1) increases (Table VI-I), all these bands 

corresponding to the organosilane. Furthermore, APTES deposition creates new C-N and 

NH2 groups on the PDMS surface evidenced by the bands at 1395 and 1630 cm-1 

respectively. Nevertheless, the intensity of these bands is high, the intensity of the Si-C 

band of the PDMS at 791 cm-1 is lower in the PDMS coated with APTES with lower number 

of passes, indicating the existence of a thicker coating. 
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Table VI-I. Assignment of the main absorption bands in the ATR-IR spectra of PDMS coated with APTES. 

Wavenumber (cm-1) Assignment 

3400 -NH2 st, O-H st 

2979, 2924 C-H st (-CH3) 

2855 C-H st (-CH2-) 

1630 -NH2 δ 

1395 C-N st 

1067 Si-O st sim. 

1014 Si-O st asim. 

949 C-O st, C-C st 

791 Si-C st sim 
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Figure 6.4a - ATR-IR spectra of uncoated and coated PDMS (precursor : APTES). Flow of the carrier gas: 1.3 

l/min.  
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Figure 6.4b - ATR-IR spectra of uncoated and coated PDMS (precursor : APTES). Flow of the carrier gas: 3.0 

l/min. 

 
 

The chemical composition of the outermost surface on the uncoated and APTES coated 

PDMS was assessed by XPS and Table VI-II shows their elemental composition. The PDMS 

surfaces coated with APTES by using low carrier gas flow and lower number of passes 

show an increase in the amounts of oxygen and silicon, and a decrease in the carbon 

content, and therefore they have higher oxygen-carbon and oxygen-silicon ratios. As the 

plasma deposition conditions are more aggresive, i.e. the number of passes and the 

carrier gas flow are increased, the oxygen content decreases and the carbon content 

decreases, which is not expected since the number of carbon atoms in the APTES 

molecule is higher than that of the oxygen atoms. Another unexpected result is that 

nitrogen is not present in most of the APTES coated PDMS surfaces. On the other hand, 

the chemical composition is different on the PDMS surface coated at low carrier gas flow, 

whereas the surface composition of the coating produced by using high carrier gas flow is 

almost the same, the main difference is the thickness of the coating.  
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Table VI-II. Atomic composition on APTES coated PDMS surfaces. 

Number of 
passes 

Gas flow 
(l/min) 

C 
(at%) 

O 
(at%) 

Si 
(at%) 

N 
(at%) 

O/C  O/Si 

3 1.3 27.7 40.8 31.5 0 1.5 1.3 

10 1.3 35.5 33.2 31.3 0 0.9 1.1 

3 3.0 46.3 26.4 26.2 1.1 0.6 1.0 

10 3.0 45.1 25.4 29.4 0 0.6 0.9 

Uncoated - 47.3 25.3 27.5 0 0.5 0.9 

 

 

Figure 6.5 shows the curve fitting of the Si2p3/2 photopeaks for the uncoated and APTES 

coated PDMS, and the contributions of the species at binding energies of 102.1 eV, 102.8 

eV and 103.4 eV, corresponding to silicon atoms bonded to two, three and four oxygen 

atoms respectively, can be distinguished. In accordance with the results of the elemental 

composition, the PDMS surface coated with APTES using low carrier gas flow and low 

number of passes (Figure 6.5) has higher amount of fully oxidized silicon species 

indicating the formation of a silica layer. The coatings produced at the same carrier gas 

flow but with higher number of passes (Figure 6.5) show lower amount of fully oxydized 

silicon. On the other hand, when PDMS is coated using high carrier gas flow and with 

three and ten passes, the silicon species on the surface of the coating have similar nature 

than these on the uncoated PDMS (Figure 6.5, Table VI-III), which could be due to a fast 

migration of low molecular weight PDMS chains from the bulk to the surface during 

plasma coating deposition. Furthermore, Figure 6.5 and Table VI-III show that almost no 

partially oxidized species of silicon are found in the PDMS coated using high carrier gas 

flow and three and ten passes, indicating that the aminopropyl pendant group of the 

organosilane is removed during the plasma polymerization, probably due to  excessive 

power applied to the plasma; this explains the absence of nitrogen on the chemical 

composition of the most external surface of the coating. 
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Figures 6.6a to 6.6c show the SEM micrographs at different magnifications of the PDMS 

surfaces before and after being coated with APTES by plasma polymerization. Figure 6.6a 

shows the SEM micrographs of uncoated PDMS which evidence its highly smooth surface. 

The SEM micrographs of the PDMS coated at low carrier gas flow and low number of 

passes (Figure 6.6b) show cracks and a particular morphology constituted by small walls 

or ribbons of width lower than one micron. The number and size of these walls or ribbons 

increases by increasing the number of passes when low carrier gas flow is used (Figure 

6.6c). If the carrier gas flow is increased, the morphology of the APTES coated PDMS 

surface changes noticeably as a rough surface plenty of grains and cracks is obtained. On 

the other hand, when the carrier gas flow is increased and the coating process is carried 

out with 3 passes, the PDMS surface shows granules of spherical shape with an average 

diameter lower than one micron, and the surface becomes more cracked (Figure 6.6d); 

however, by using higher number of passes, the granules become irregular in shape 

forming lumps on the surface; these granules are likely produced by joining of smaller 

granules and their particle size is higher than one micron (Figure 6.6e). Thus, the changes 

in surface morphology on the coated PDMS surfaces indicates the importance of the 

parameters used in the plasma deposition of APTES on PDMS surface. 
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Figure 6.5 - Curve fitting of Si2p3/2 photopeak on uncoated and APTES coated PDMS surfaces using different 

plasma deposition conditions. XPS experiments.  
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Table VI-III.  Atomic percentages of silicon-oxygen species on uncoated and APTES coated PDMS surfaces 

using different plasma deposition conditions. XPS experiments. 

Number of 
passes 

Gas flow 
(l/min) 

Silicon–oxygen species (at%) 

Si(CH3)2O2   
(102.1 eV) 

Si(CH3)O3  
(102.8 eV) 

SiO4 

 (103.4 eV) 

3 1.3 41.3 0.2 58.5 

10 1.3 68.0 2.4 29.6 

3 3.0 90.4 0 9.6 

10 3.0 87.4 0.1 12.5 

Uncoated - 89.2 0 10.8 

 

 

200 mm 25 mm

10 mm 2 mm

 

Figure 6.6a - SEM micrographs at different magnifications of uncoated PDMS. 
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200 mm 25 mm

10 mm 2 mm

 

Figure 6.6b - SEM micrographs at different magnifications of PDMS coated with APTES by atmospheric 

plasma deposition. Number of passes: 3 ; carrier gas flow: 1.3 l/min. 

 

200 mm 25 mm

10 mm 2 mm

 

Figure 6.6c - SEM micrographs at different magnifications of PDMS coated with APTES by atmospheric 

plasma deposition. Number of passes: 10; carrier gas flow: 1.3 l/min. 
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Figure 6.6d - SEM micrographs at different magnifications of PDMS coated with APTES by atmospheric 

plasma deposition. Number of passes: 3; carrier gas flow: 3.0 l/min. 

 

200 mm 25 mm

10 mm 2 mm

 

Figure 6.6e - SEM micrographs at different magnifications of PDMS coated with APTES by atmospheric 

plasma deposition. Number of passes: 10; carrier gas flow: 3.0 l/min. 



José A. Jofre - PhD Thesis                                                                                    Chapter 6. PE-CVD 
 

253 
 

In order to determine if the composition of the coating is homogeneous along the PDMS 

surface, EDX analysis of the small spherical particles and of the surface of the coatings 

was carried out (Figure 6.7). The analysis of the coatings surface shows a homogeneous 

distribution of oxygen, carbon and silicon; however, the EDX spectrum of the spherical 

particles indicates the existence of different amounts of metallic elements (iron mainly) - 

Table VI-IV – which may derive from the erosion of the material of the nozzle made on 

stainless steel and copper-aluminum alloy during plasma deposition [34]. 

 

 

2

25 mm

1

2

 

Figure 6.7 - SEM micrograph of PDMS coated with APTES by atmospheric plasma deposition. Number of 

passes : 10 ; carrier gas flow : 3.0 l/min. EDX analysis. 
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Table VI-IV. Chemical elements of the surface and on the spherical particles on the PDMS coated with 

APTES. EDX analysis of Figure 6.7. 

ELEMENT 
COMPOSITION (at%) 

Overall Particle 1 Particle 2 

Oxygen 44.9 53.5 49.5 

Carbon 35.6 25.2 28.6 

Silicon 19.5 8.9 14.5 

Iron - 11.7 0.5 

Nickel - 0.3 0.3 

Chromium - 0.2 - 

Manganese - 0.2 - 

Copper - - 4.9 

Aluminium - - 1.3 

  

 

The surface roughness of the coatings was characterized quantitatively by AFM, and 2D 

and 3D micrographs are shown in Figure 6.8a to 6.8d. Figure 6.8a shows the AFM 

micrographs of the uncoated PDMS indicating the existence of a smooth surface with very 

low average roughness (lower than 20 nanometers). When PDMS is coated using low 

carrier gas flow and low number of passes of plasma torch (Figure 6.8b), the particular 

morphology observed by SEM is better evidenced as isolated nanowalls or nanoribbons 

with an average height of 200-300 microns, the average roughness of the whole surface is 

64 nanometers. Apart from this morphology, some flat bumps are also observed due to 

the spraying of the precursor on the PDMS surface. On the other hand, the APTES coated 

PDMS surfaces with higher number of passes (Figure 6.8c) shows a wavy surface with a 

height of around 500 nm and greater average roughness (over 150 nm). Moreover, the 

width of the waved surface increases from 1 micron (coatings made with 3 passes) to 3 

microns (with 10 passes), and the increase in the number of passes causes higher and 

more dense roughness of the coating. Finally, the PDMS surfaces coated with high carrier 

gas flow are very rough (average roughness higher than 200 nm), and with maximum 
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values of top-to-bottom distances of almost 1 micron (Figure 6.8d), showing hierarchical 

structures with smaller roughness on the granules surface.  
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Figure 6.8a - AFM micrographs of the uncoated PDMS surface. 
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Figure 6.8b - AFM micrographs of the PDMS surface coated with APTES by atmospheric plasma deposition. 

Number of passes: 3; carrier gas flow: 1.3 l/min. 
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Figure 6.8c - AFM micrographs of the PDMS surface coated with APTES by atmospheric plasma deposition. 

Number of passes: 10; carrier gas flow: 1.3 l/min. 
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Figure 6.8d - AFM micrographs of the PDMS surface coated with APTES by atmospheric plasma deposition. 

Number of passes: 10; carrier gas flow: 3.0 l/min. 

 

 

For better assessing the differences in height and shape of the new particles and 

structures formed during plasma deposition, Figure 6.9 compares the roughness profiles 

of all APTES coated PDMS surfaces analyzed by AFM. The increase of the size of the walls 

in the structures formed when more passes of plasma torch at low carrier gas flow are 

used are more clearly distinguished, as well as the hierarchical structures of the 

roughness formed at high carrier gas flow. 

The high and homogeneous nanoroughness of the PDMS coated with high gas flow is also 

observed by confocal profilometry (Figure 6.10). Average roughness of 181 nm (coated 

PDMS) and 16 nm (uncoated PDMS) are obtained, values that are similar to those 

obtained by AFM. 

The changes in the chemical composition and topography of the PDMS surface subjected 

to different plasma deposition conditions influence its wettability. Although nano-

roughness is generated on the PDMS surface by polymerization of APTES, in this study the 

measurement of the static contact angle is used for qualitative monitoring of 

hydrophobicity on the coated PDMS surfaces. 
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Figure 6.9 - AFM micrographs of the uncoated and coated PDMS surface with APTES by atmospheric plasma 

deposition by using different carrier gas flow and number of passes. 

 

Figure 6.10 - Surface profilometry of PDMS before and after coating with APTES by atmospheric plasma 

deposition. Number of passes: 10; carrier gas flow: 3.0 l/min. 
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Figure 6.11a show photos of water drops placed on the APTES coated PDMS surface, and 

the values of the contact angles are given too. In general, the water contact angle values 

on coated PDMS are slightly lower than for the uncoated material (109 degrees), the 

coatings obtained with high carrier gas flow and large number of passes are exceptional; 

in these coatings, an important hydrophobicity is obtained showing water contact angle 

values above 150 degrees, i.e. they show superhydrophobicity. In fact when the volume 

of the water drop is increased, because of the high repellence to water of the coated 

PDMS, the drop cannot stay on the surface, and the drop is freely displaced (Figure 

6.11b). 

The superhydrophobicity of the APTES coated PDMs surface can be ascribed to the 

nanoroughness created (according to Figures 6.6e and 6.9), producing the “lotus leaf 

effect” that can be described by the Cassie-Baxter model [28]. According to this model, 

the water droplet is maintained in contact only with the top part of the nanosized 

structures of the coating and only a small fraction of the surface is wet. Thus, the 

structure of the silica coating on PDMS created by plasma polymerization may found 

interesting applications as antibiofouling materials and in biomedical applications. 

  

3 passes, 1.3 ml/min 

w = 101
o
 ± 2 

 

3 passes, 3.0 ml/min 

w = 94
o
 ± 3 

 

  

10 passes, 1.3 ml/min 

w = 101
o
 ± 3 

10 passes, 3.0 ml/min 

w = 147
o
 ± 4 

 

Figure 6.11a - Photos of the water contact angle measured on PDMS coated with APTES by plasma jet 

deposition at different values of carrier gas flow and number of passes.  
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Figure 6.11b - Water drop repelence on PDMS surface coated with APTES. Carrier gas flow: 3.0 l/min;  

number of passes: 10. 

 

 

6.4.2 – Deposition of polyurethane coating on PDMS by atmospheric pressure plasma 

jet 

For imparting polarity to the PDMS surface, polyurethane coatings were also deposited by 

PE-CVD assisted with atmospheric pressure plasma jet. Polyurethanes are biocompatible 

polymers and more polar than PDMS, and, to the best of our knowledge, polyurethane 

precursors have not been used for plasma deposition on PDMS surface yet. 

Deposition of polyurethane coatings on PDMS was carried out by using different number 

of passes (1 and 3) and different carrier gas flows (100 and 1200 ml/h). Figure 6.12a 

shows the ATR-IR spectra of the polyurethane coated PDMS surfaces. The ATR-IR 

spectrum of the PDMS coated with polyurethane by using 1 pass and 100 ml/h of carrier 

gas flow shows only small differences with regard to the uncoated PDMS surface, the 

main difference consisting in the increase of the intensity of the silicon-oxygen band at 

1020 cm-1 and the reduction of the intensity of the silicon-methyl band at 785 cm-1. These 

bands are produced by plasma activation of the PDMS surface.  
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Figure 6.12a - ATR-IR spectra of the uncoated and polyurethane coated PDMS by plasma torch deposition 

by using different passes and carrier gas flow.  

 

When the carrier gas flow is increased up to 1200 ml/h, the ATR-IR spectrum of the 

coated PDMS shows some absorption bands of the polyurethane at 1724 cm-1 (C=O 

stretching) and 1260 cm-1 (C-O stretching), as well as an increase in the intensity of the C-

H groups due to methyl and methylene groups at 2962 cm-1 and 2869 cm-1 respectively, is 

noticed. On the other hand, the ATR-IR spectrum of the PDMS coated by using 1200 ml/h 

carrier gas flow and 3 passes corresponds to the ATR-IR spectrum of the polyurethane 
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film (Figures 6.12a and 6.12b), although the bands at 795 and 1020 cm-1 corresponding to 

the PDMS are also present, indicating that the polyurethane coating thickness is not 

thicker than 1 micron. 
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Figure 6.12b - ATR-IR spectra of the polyurethane coated PDMS using 3 passes of plasma torch and 100 

ml/min of carrier gas flow, and of the polyurethane film.  

 

The chemical composition of the outermost surface of the uncoated and polyurethane 

coated PDMS surfaces were obtained by XPS. Table VI-V shows that after polyurethane 

coating using low carrier gas flow and with one pass, the oxygen-carbon ratio is highly 

increased due mainly to surface oxidation by plasma pre-treatment. When the carrier gas 

flow and the number of passes increase, the atomic content of carbon increases and the 

atomic contents of oxygen and silicon decrease, decreasing the oxygen-carbon ratio. This 

indicates the deposition of polyurethane coating which chemical composition contains 

higher number of carbon atoms than oxygen atoms, and some nitrogen too. In fact, the 

coated PDMS obtained by using high carrier gas flow shows the presence of nitrogen 

moieties, confirming the existence of polyurethane coating on the PDMS surface. On the 
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other hand, the decrease in the atomic percentage of silicon confirms the polyurethane 

deposition too. However, the oxygen and nitrogen contents in the polyurethane coatings 

is higher than in the polyurethane film, indicatong that some of this atomic content is due 

to the plasma pre-treatment. 

 

Table VI-V. Atomic composition on the polyurethane coated PDMS surface obtained with different carrier 

gas flow rates and number of passes. 

Number of 
passes 

Gas 
flow 

(ml/h) 
C (at%) O (at%) Si (at%) N (at%) O/C 

Uncoated - 47.3 25.3 27.5 0 0.54 

1 100 38.9 31.7 29.2 0.2 0.82 

1 1200 48.6 30.1 20.4 0.9 0.62 

3 1200 53.1 29.2 17.0 0.7 0.55 

PU film - 83.3 14.7 1.4 0.6 0.18 

 

 

Figure 6.13 shows the curve fitting of the C1s photopeaks of the polyurethane coated 

PDMS surfaces. The curve fitting of the uncoated PDMS surfaces shows C-H and C-Si 

species at binding energy 285 eV. The polyurethane coated PDMS surface obtained with 1 

pass of torch and with 100 ml/h of carrier gas flow shows small amount of oxygenated 

carbon species (C-O and N=C=O) due to polyurethane moieties and likely to plasma 

oxidation of the PDMS surface too. On the other hand, the polyurethane coated PDMS 

surfaces obtained with higher carrier gas flow show new carbon-oxygen species and 

carboxyl species of urethane groups, confirming the existence of polyurethane coating. 

Table VI-VI shows the percentages of the chemical species of carbon obtained by curve 

fitting of the C1s photopeaks of the uncoated and polyurethane coated PDMS surfaces 

under different plasma conditions. Urethane moieties in the coatings are quite small on 

the coated PDMS with low carrier gas flow (lower than 1 at%), whereas they are larger 

when higher carrier gas flow is used, irrespective of the number of passes. However, the 

curve fitting of the C1s core level of the polyurethane film shows that the contents of C-O 
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and N-C=O species is lower than in the polyurethane coatings on PDMS, indicating that 

the plasma treatment removes some hydrocarbon species by polymer breackdown 

increasing the percentage of the rest of chemcial groups. Alternatively, it also could be 

due to the formation of new C-O and O-C=O species, which binding energy is similar than 

in urethane groups. 

 
Table VI-VI.  Atomic percentages of carbon species on the uncoated, the polyurethane coated PDMS, and 

the polyurethane film surfaces. 

Number of 
passes 

Gas flow 
(ml(h) 

Carbon species 

C-C, C-Si 
(284.7 eV) 

C-O 
(286.5 eV) 

N-C=O 
(289.0 eV) 

Untreated - 100 0 0 

1 100 94.7 4.7 0.6 

1 1200 75.4 15.4 9.2 

3 1200 78.2 13.4 8.1 

PU film - 87.0 6.1 6.9 

 

 
Figures 6.14a to 6.14c show the SEM micrographs at different magnifications of the 

polyurethane coated PDMS surfaces. The SEM micrographs of the polyurethane coated 

PDMS with 1 pass of plasma torch and 100 ml/h of carrier gas flow are very similar to 

these of the uncoated PDMS (Figure 6.14a), although at higher magnification some thin 

bumps can be observed. On the other hand, the polyurethane coating deposited by using 

higher carrier gas flow and with 1 pass of plasma torch is more clearly observed as a thin 

smooth homogeneous layer (Figure 6.14b). The topography of the polyurethane coated 

PDMS surface produced with 3 passes of plasma torch is similar to that obtained with 1 

pass only, but the coating is thicker and stiffer; furthermore, small waves with a width 

lower than 1 micron can be distinguished on the surface coated with 3 passes of plasma 

torch (Figure 6.14c). 
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Figure  6.13 – Curve fitting of C1s photopeak of the uncoated, the polyurethane coated PDMS, and the 

polyurethane film surfaces.  

 



José A. Jofre - PhD Thesis                                                                                    Chapter 6. PE-CVD 
 

265 
 

200 mm 25 mm

10 mm 2 mm

 

Figure 6.14a - SEM micrographs at different magnifications of polyurethane coated PDMS surface. Number 

of passes: 1; precursor flow: 100 ml/h. 
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Figure 6.14b - SEM micrographs at different magnifications of polyurethane coated PDMS surface. Number 

of passes: 1; precursor flow: 1200 ml/h. 
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Figure 6.14c -SEM micrographs at different magnifications of polyurethane coated PDMS surface. Number 

of passes: 3; precursor flow: 1200 ml/h. 

 

The chemical composition of the polyurethane coatings on PDMS was also analyzed by 

EDX in different locations of the surface. Figure 6.15 shows the SEM micrograph without 

gold coating of the polyurethane coated PDMS surface by using three passes and 1200 

ml/h of carrier gas flow; the chemical compositions of the surface and of the spherical 

particles were analyzed. Due to the different dispersion index of the secondary electrons, 

better colour contrast is observed between regions with different thickness of the 

polyurethane coatings, and therefore according to Figure 6.15 almost no uncoated parts 

of the PDMS surface are found. In fact, the EDX analysis shows only 1.8 at% of silicon 

(Table VI-VII), indicating that even the clear regions in the SEM micrograph of Figure 6.15 

are coated with a thin polyurethane coating. Table VI-VII shows the chemical composition 

of the spherical particles 1 and 2 in Figure 6.15 that contain important amount of copper, 

aluminum and iron and which correspond to particles produced by erosion of the nozzle 

of the head of the plasma torch. 
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Figure 6.15 - SEM micrograph of the polyurethane coated PDMS surface. Number of passes: 3; carrier gas 

flow: 1200 ml/h. EDX analysis. 

 
 

Table VI-VI. Chemical elements on the surface and isolated particles on the polyurethane coated PDMS. 

EDX analysis. 

ELEMENT 
COMPOSITION (at%) 

Overall Particle 1 Particle 2 

Carbon 81.8 72.9 68.0 

Oxygen 16.4 20.2 24.0 

Silicon 1.8 2.2 2.1 

Copper - 3.1 - 

Aluminium - 1.2 - 

Iron - 0.3 5.4 

Nickel - 0.1 0.2 

Chromium - - 0.2 
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Figures 6.16a to 6.16c shows the AFM micrographs of the polyurethane coated PDMS 

surfaces. All surfaces have similar topography consisting in waves with different average 

roughness which height and width depend on the plasma deposition conditions. The 

coating obtained by using 1 pass and 100 ml/h of carrier gas flow (Figure 6.16a) shows a 

sligth surface roughness (from 17 nm in the uncoated surface to 35 nm) and wavy 

structures of 1 – 2 microns width. When the carrier gas flow is increased to 1200 ml/h 

(Figure 6.16b) the roughness is twice than in the coating produced with lower carrier gas 

flow and the width of the waves is similar. On the other hand, the increase in the number 

of passes to three (Figure 6.16c) causes a decrease in the width of the wavy structures to 

around 0.5 microns, increasing their number and the average roughness has a value over 

110 nm. The topography of the coated PDMS surface can be due to the shrinkage of the 

polyurethane after deposition. The comparison of the roughness profiles of the different 

coatings on PDMS surface can be observed in Figure 6.17, confirming the findings in the 

AFM micrographs. 
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Figure 6.16a - AFM micrographs of the polyurethane coated PDMS surface. Number of passes: 1; carrier gas 

flow: 100 ml/h 
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Figure 6.16b - AFM micrographs of the polyurethane coated PDMS. Number of passes: 1; carrier gas flow: 

1200 ml/h. 
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Figure 6.16c - AFM micrographs of the polyurethane coated PDMS. Number of passes: 3; carrier gas flow: 

1200 ml/h. 

 

The wettability of the uncoated and polyurethane coated PDMS surfaces were measured 

qualitatively by static water contact angle measurements, and the photos of drops with 

their corresponding values of water contact angle are shown in Figure 6.18. The higher 

are the precursor flow and the number of passes, the lower is the value of the water 

contact angle. The PDMS surface coated with 100 ml/h of carrier gas flow and 1 pass 

shows a small reduction in water contact angle, around 6-7 degrees, with respect to that 

of the uncoated PDMS surface. The increase in the carrier gas flow to 1200 ml/min 

decreases the wettability of the coated PDMS surface giving a water contact angle value 

of 94 ± 4 degrees which is very similar to that of the polyurethane film (89 ± 3 degrees). 

After 3 passes of plasma torch during deposition using high carrier gas flow, the water 
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contact angle value on the coated PDMS surface was 70 ± 2 degrees, 20 degrees lower 

than in the polyurethane film. This lower contact angle value can be likely due to the 

functionalization of the coating that leads to an increase in surface energy and/or due to 

the roughness of the coatings. 
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Figure 6.17 - AFM micrographs profiles of the uncoated and coated PDMS surface with polyurethane by 

atmospheric plasma deposition using different carrier gas flows and number of passes. 
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Figure 6.18. Photos of the water contact angle measured on the polyurethane coated PDMS by using 

different carrier gas flows and number of passes. 

 

 

6.5 - CONCLUSIONS 

In the coating deposition with APTES of PDMS assisted by atmospheric pressure plasma 

torch, the carrier gas flow affects in a larger extent the coating properties than the 

number of passes with plasm torch. On the other hand, the maximum thickness of the 

APTES and polyurethane coatings were lower than 1 micron. 

By using low number of passes and carrier gas flow, the surface chemistry of the coated 

PDMS surface shows the highest values of oxygen-carbon ratio, due to the surface 

modification of the PDMS by the plasma treatment prior coating deposition.  For the 

coatings made from APTES, the outermost surface layer of the coatings obtained with 

high carrier gas flows shows almost the same chemical composition and content of silicon 

species than in the uncoated PDMS surface likely due to a fast migration of low molecular 

weight species of polysiloxane from the bulk to the PDMS surface. Therefore, almost no 
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nitrogen atomic content was detected by XPS, but some contribution of nitrogen bonding 

was observed by ATR-IR spectroscopy. 

The APTES coated PDMS surfaces show different topography depending on the carrier gas 

flow; for low carrier gas flow, particular structures consisting in nano-walls were 

observed, whereas for high carrier gas flow the surface of the coatings shows a granular 

shape. The coating produced with 3.0 l/min of carrier gas flow and with 10 passes of 

plasma torch shows hierarchical nanostructure similar to that of the bioinspired lotus-

leaf, providing superhydrophobicity with interesting potential anti-biofouling and 

tribological properties in biomedical applications. 

The topography of the polyurethane coated PDMS surfaces shows similar wavy-shape 

irrespective of the plasma deposition conditions, but the size, number and average 

roughness are different. Nevertheless, the thickness of the polyurethane coatings is not 

completely homogeneous. 

Some small particles of metal composition based on iron are found on the coated PDMS 

surfaces  and they derived from the erosion of the torch nozzle by the plasma shot. 

This work is an open research and further studies will be carried out to analyze in depth 

several aspects of the plasma polymerization on PDMS, particularly the control of the 

nanostructures produced by plasma deposition and the inhibition of the hydrophobic 

recovery. 
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7.1 - Plasma treatments of PDMS 

It have been demonstrated that cold-plasma processes are useful and promising 

treatment techniques for surface modifications on polydimethylsiloxane (PDMS) in 

reducing its high hydrophobicity and in improving its poor adhesion properties. It has 

been demonstrated that there are many different experimental factors involved in the 

plasma treatment process including the conditions of treatment, the equipment 

configuration, the nature and chemical structure of substrate, etc, that influence the 

surface properties and their stability over time.  

The application of the statistical design of experiments methodology has been revealed as 

a useful tool to select the parameters of plasma treatment which have more influence on 

the extent of the surface modifications of PDMS. Moreover, the design of experiments 

have been used successfully to model the modifications produced on some surface 

properties as a function of different combinations of plasma treatment conditions, as well 

as to optimize the treatment conditions which maximize the surface modifications. 

Although the plasma equipments employed during the development of this PhD thesis 

are different, some parameters of the treatment are common to all them. In the low-

pressure plasma treatment, the residual pressure was the parameter influencing more 

the surface chemistry and wettability, and the inhibition of the hydrophobic recovery of 

the PDMS surface. Furthermore, the length of treatment, the composition of oxygen + 

argon mixtures and the power affected the effectiveness of the LPP treatment too. On 
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the other hand, in the treatment of PDMS with atmospheric pressure plasma torch or 

plasma jet (APPJ), the nozzle-sample distance and the torch speed account more than the 

80% of the effect on the performance of the treatment. Furthermore, the main 

parameters which affect more the reduction in surface hydrophobicity of PDMS in DBD 

plasma treatment were the speed of platform across the plasma glow-discharge, the 

voltage applied by the power source and the gap between the power and ground 

electrodes. 

Optimal conditions for maximizing surface properties in low-pressure plasma-treated 

PDMS surface, such as hydrophilicity and oxygen content on the outermost surface layer, 

and for minimizing hydrophobic recovery were the use of 93vol% O2 + 7vol% Ar mixtures 

as plasmogen gas, and 300 mTorr of residual pressure. On the other hand, strong 

interaction between the power and the length of treatment was observed, so minimum 

hydrophobic recovery rate was achieved by using low power and long length of treatment 

(25 W of power and 120 seconds). For treatment of PDMS with atmospheric plasma using 

APPJ treatment, the optimal treatment conditions of torch speed and nozzle-sample 

distance at which oxygen-carbon ratio on PDMS treated surface were maximal were 10.3 

m/s and 6.6 mm, respectively, when the other experimental parameters were set at 300 

V, 22 kHz and 100% of plasma cycle time. No interaction between torch speed and nozzle-

sample distance was observed within the studied domain. In the case of the atmospheric 

pressure plasma using DBD system, the effect of the voltage accounted four times more 

than the effect of the platform speed if these factors were varied within the linear region. 

The best results were obtained by using 20 V and 6 cm/min of platform speed. The gap 

between the power and ground electrodes did not show a significant effect on 

hydrophobicity. There were not interactions between the voltage, the platform speed and 

the gap when wettability was set as response variable, but significant interaction was 

observed when the surface chemistry was set as response variable. 

The surface treatment of PDMS with the different plasma systems oxydized the 

polysiloxane chain, replacing the pendant methyl groups by oxygen groups, mainly 

hydroxyl groups, which produces condensation and forming a cross-linked structure that 

resemble a silica-like layer; as a consequence, an increase in the oxygen content on the 

surface was obtained increasing its hydrophilicity. The closer are the treatment conditions 
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to the optimal ones, the higher was the extent of oxidation on the PDMS surface. 

Whereas the low-pressure plasma treatment produced a relatively low fully oxydized 

siloxane chains content (silica-like moieties content lower than 50 at%), the atmospheric 

pressure plasma torch treatment produced higher oxidation on the PDMS surface, 

reaching up to 75 at% of fully oxydized siloxane species; however, the treatment with 

DBD plasma by using hugh voltage (20 V) produced the complete oxidation on the PDMS 

surface and new highly oxydized non-stoichiometric species are formed. 

Changes in surface topography were also produced by plasma treatment of the PDMS 

surface. The silica-like layer formed on the outermost external layer of the PDMS surface 

was stiff and became more brittle, producing small cracks and grooves. Atmospheric 

pressure plasma treatments produced higher amount of thin and superficial cracks and 

grooves on the PDMS surface, as the surface was more oxidized than with low pressure 

plasma, specially for high voltages and short nozzle-sample distance in the DBD and APPJ 

plasma systems, respectively. Nevertheless, the APPJ treatment produced wider and 

deeper cracks on the PDMS surface. According to the existing literature, these cracks are 

responsible in part of the hydrophobic recovery on plasma treated PDMS. 

Small nanoroughness was generated by atmospheric plasma treatment of the PDMS 

surface, with similar roughness values when APPJ and DBD plasma treatments were used; 

however, the plasma torch produced more homogeneous roughness. On the other hand, 

the low pressure plasma treatment using oxygen and argon gas mixtures produced 

surface ablation, reducing the average nanoroughness of the PDMS surface. 

Adhesion of PDMS was noticeably improved after surface treatment with plasmas, 

increasing the T-peel strength in adhesive joints made with acrylic adhesive tape in 

5500%, 4500% and 6000% regarding to the untreated material, when treatments are 

carried out at optimal conditions with low-pressure plasma, atmospheric pressure plasma 

torch and atmospheric pressure DBD plasma, respectively. In all cases, an adhesion failure 

between the PDMS and the adhesive was produced. The DBD plasma treatment produced 

the highest enhancement in adhesion in PDMS.  

The maximum adhesion strength is obtained in adhesive joints made just after treatment 

of PDMS with atmospheric plasmas, and it dropped as the time since the surface 
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treatment until the adhesive application increased. However, the adhesion of LPP treated 

PDMS stored under open air was maintained up to 14 days, confirming the stability of the 

surface modifications caused by treatment with 93vol% O2 + 7vol% Ar low-pressure 

plasma. In all cases, once the adhesive has been applied to the treated PDMS surface, the 

adhesive strength remained constant for six months at least. 

All PDMS surfaces treated with different plasmas expirienced hydrophobic recovery 

immediately after treatment but, depending on the plasma system used for treatment, 

the hydrophobic recovery rate and the final stable water contact angle value were 

different. APPJ plasma-treated PDMS surfaces showed the faster hydrophobic recovery, 

with wettability remaining stable for 24 hours after treatment. Both the water contact 

angle value of stable hydrophilicity and the hydrophobic recovery rate during the first 

hours after APPJ treatment were different depending on the nozzle used in the torch 

(rotational, static), obtaining faster hydrophobic recovery but lower water contact angle 

value when rotating nozzle was used. The hydrophobic recovery of PDMS after DBD 

plasma treatment was moderated, with an increase of water contact angle around 30 

degrees, reaching the stable contact angle at 63 degrees after three days of ageing stored 

in air. However, the most loss of hydrophilicity was produced within a few hours just after 

treatment, showing a half-time of hydrophobic recovery around 8 hours. Finally, the 

PDMS surface treated with low pressure plasma showed lower values of both 

hydrophobic recovery rate and stable contact angle value. Thus, the changes on 

hydrophilicity in the plasma treated PDMS surfaces were more stable by using low 

pressure plasma, although the treatment with DBD plasma provided significant stability 

as well. On the other hand, the surface properties of the PDMS treated with APPJ were 

the less stable, probably due to the very short length of treatment; however, the stability 

of the treated surface has been highly improved with regard to the unique work done up 

to date on APPJ plasma treatment of PDMS, where complete hydrophobic recovery was 

produced 1 hour after treatment. 

The storage conditions during ageing of the PDMS surface after plasma treatment 

influenced the extent of hydrophobic recovery. A polar environment reduced the 

hydrophobic recovery, showing higher hydrophilicity than in the PDMS samples stored 

under air, and it is obtained in shorter time. The storage under water creates new oxygen 
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groups anchored to the methyl groups on the treated PDMS surface, showing good 

wettability and maintaining low oxygen-carbon ratio values. The application of an acrylic 

adhesive tape on the treated PDMS surface fixed the new polar groups on the surface and 

prevented their reorientation onto the bulk, as well as it “sealed” the cracks on the 

surface avoiding the migration of hydrophobic low molecular weight species from the 

bulk to the PDMS surface. 

 
7.2 - PE-CVD deposition on PDMS 

In the coating deposition with APTES of PDMS assisted with atmospheric pressure plasma 

torch, the carrier gas flow affected in a larger extent the coating properties than the 

number of passes with plasma torch. On the other hand, the maximum thickness of the 

APTES and polyurethane coatings were lower than 1 micron. 

For low number of passes and carrier gas flow, the surface chemistry of the coated PDMS 

surface showed the highest values of oxygen-carbon ratio, due to the surface 

modification of PDMS by the plasma treatment prior coating deposition. For the coatings 

made from APTES, the outermost surface layer obtained with high carrier gas flow 

showed almost the same chemical composition and content of silicon species than in the 

uncoated PDMS surface likely due to a fast migration of low molecular weight species of 

polysiloxane from the bulk to the PDMS surface. Therefore, almost no nitrogen atomic 

content was detected by XPS, but some contribution of nitrogen bonding was observed 

by ATR-IR spectroscopy. 

The APTES coated PDMS surfaces showed different topography depending on the carrier 

gas flow; for low carrier gas flow, particular structures consisting in nano-walls were 

observed, whereas for high carrier gas flow the surface of the coatings showed a granular 

shape. The coating produced with 3.0 l/min of carrier gas flow and with 10 passes of 

plasma torch showed hierarchical nanostructure similar to that in the bioinspired lotus-

leaf, providing superhydrophobicity with interesting potential anti-biofouling and 

tribological properties in biomedical applications. 

The topography of the polyurethane coated PDMS surfaces showed similar wavy-shape 

irrespective of the plasma deposition conditions, but the size, number and average 



Chapter 7. General Conclusions                                                                         José A. Jofre - PhD Thesis 
 

284 
 

roughness were different. Nevertheless, the thickness of the polyurethane coatings was 

not completely homogeneous. 

Some small particles of metal composition based on iron were found on the coated PDMS 

surfaces and they derived from the erosion of the torch nozzle by the plasma shot. 

 
7.3 – Future work 

Some of the research lines developed in this PhD thesis are not completed and remain 

under development, studying in-depth the analysis of some aspects, particularly the 

control of nanostructures produced by plasma film polymerization and inhibition of 

hydrophobic recovery in different ageing conditions, among others. 

 



 

 

 

 

 

 

 

Resumen en 

castellano 

 

 

 

 

 

 



 

 

 

 

 

 
 



José A. Jofre - PhD Thesis                                                                                          Resumen en Castellano 
 

287 
 

 

 

 

 

 

 

1 - Introducción general 

1.1 – Polisiloxanos 

Los polisiloxanos o polidiorganosiloxanos son materiales poliméricos con una estructura 

principal de la cadena polimérica compuesta de átomos de silicio y oxígeno, donde las 

valencias restantes de los átomos de silicio forman enlaces covalentes con radicales 

orgánicos (hidrógeno, metilos, etilos, fenilos, etc). La estructura general de los 

polisiloxanos se representa como [R2SiO]n donde “n” es el número de veces que se repite 

la estructura [R2SiO] y “n” determina el peso molecular del polímero. R corresponde a los 

grupos pendientes unidos al átomo de silicio, siendo el grupo metilo el más común, dando 

lugar al polidimetilsiloxano (PDMS). 

La estructura química de los polisiloxanos, también llamados comúnmente siliconas, 

justifica sus propiedades muy particulares y completamente diferentes a las de los 

polímeros basados en una estructura molecular de carbono. El radio atómico del silicio es 

mayor que el del carbono lo que, junto con mayor diferencia de electronegatividad con 

respecto al oxígeno, hace que el enlace Si-O sea menos covalente que los enlaces C-C y C-

O, y por tanto presentan cierto carácter iónico, lo que confiere mayor polaridad al enlace 

Si-O. Por otra parte, la energía de rotación de enlace es cuatro veces menor en un enlace 

Si-O que en un enlace C-C, lo que explica la elevada flexibilidad de los polisiloxanos. 

Además, la energía del enlace Si-O (106.0 kcal/mol) es mayor que la del enlace C-C (84.9 

kcal/mol), lo que hace que la cadena principal de un siloxano sea más estable y resistente 
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a la escisión molecular que en los polímeros de carbono. Por otro lado, la energía de 

enlace entre el silicio y el carbono del grupo pendiente es menor que la del carbono-

carbono en otros polímeros, por lo que es más susceptible de sustitución. 

Cuando las cadenas poliméricas de una silicona son lineales, sin ningún tipo enlace 

químico entre las mismas, el material se comporta como un fluido con propiedades 

reológicas eminentemente viscosas, y se conoce generalmente como gel de silicona. Las 

propiedades de los geles de silicona dependen principalmente del peso molecular y la 

naturaleza del grupo pendiente (principalmente metilos, aunque en ocasiones también 

son fenilos o copolímeros de ambos). Sin embargo, cuando se producen reacciones de 

entrecruzamiento entre las cadenas en un proceso de curado o vulcanización, se obtiene 

un material reticulado con estructura tridimensional y sus propiedades reológicas pasan a 

ser predominantemente elásticas. En este caso el material se conoce como polisiloxano 

reticulado y es más comúnmente denominado como caucho de silicona o silicona 

elastomérica. 

Los polidiorganosilixoanos se obtienen mediante reacciones de policondensación de 

monómeros de dihidroxisilanos, los cuales se obtienen a partir de clorosilanos, usando 

catalizadores ácidos. Cuando algunos de los monómeros contienen grupos funcionales 

reactivos, las cadenas poliméricas resultantes de la policondensación pueden producir 

entrecruzamiento. En los sistemas de vulcanización a temperatura ambiente 

monocomponente (los empleados en este trabajo de tesis doctoral), la reticulación se 

produce mediante reacción con la humedad ambiental, formando enlaces de oxígeno 

entre cadenas de polímero adyacentes.  

La estructura química particular de los polisiloxanos les confiere características tanto de 

materiales orgánicos como inorgánicos. Concretamente, debido a la elevada energía del 

enlace Si-O, presentan una elevada estabilidad térmica. Además, presentan una baja 

conductividad térmica y buen comportamiento como aislante eléctrico - debido a su 

elevada resistividad eléctrica (entre 1 y 100 T ·m). Por otra parte, la elevada energía de 

enlace de las siliconas le confiere una elevada resistencia química, y, debido a la rotación 

libre de sus cadenas poliméricas, tienen una temperatura de transición vítrea 

extremadamente baja, una elevada flexibilidad y un bajo módulo (0.3 a 0.8 MPa), así 
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como una gran resistencia a fatiga. Adicionalmente, el carácter apolar de los grupos 

pendientes hidrocarbonados de los polisiloxanos hace que su estructura sea 

prácticamente amorfa, que presente una alta permeabilidad a gases y vapores, y que su 

energía superficial sea muy baja, presentando una elevada hidrofobicidad. Sin embargo, 

esta baja energía superficial implica una mojabilidad muy pobre, lo que da lugar a unas 

propiedades de adhesión prácticamente nulas. 

Además de las propiedades indicadas anteriormente, la ausencia de interacciones del 

elastómero de silicona  - principalmente PDMS (polidimetilsiloxano)- con células y tejidos 

biológicos, así como su carácter no alergénico debido a su naturaleza inorgánica, hace 

que los polisiloxanos presenten una elevada biocompatibilidad, justificando su uso en 

implantes y en la fabricación de prótesis correctoras extracorporales. Su carácter 

elastomérico permite su uso en sondas o catéteres, y su elevada transparencia lo hace 

idóneo en su aplicación para prótesis oculares. Por otro lado, la gran permeabilidad del 

material permite usarlo en sistemas de recubrimiento de heridas, permitiendo la 

transpiración de éstas e impidiendo la maceración, así como en sistemas de liberación 

controlada de medicamentos (parches transdermales). 

1.2 – Adhesión y tratamientos superficiales 

La unión de materiales mediante el empleo de adhesivos presenta una serie de ventajas 

con respecto a otros modo de unión tradicionales tales como soldadura, unión roscada, 

remachado o cosido, ya las uniones adhesivas se pueden realizar con materiales de 

diferente naturaleza, se produce una distribución uniforme de esfuerzos a lo largo de la 

línea de unión, presenta resistencia a la corrosión y las uniones son estancas, ofrecen un 

mejor acabado estético y son más versátiles en cuanto al diseño de la unión. Sin embargo, 

también presentan limitaciones, tales como la necesidad de una adecuada planificación 

del proceso de unión, la necesidad de realización de ensayos destructivos y las pobres 

propiedades de adhesión de algunos sustratos.  

Puesto que la adhesión es un fenómeno de superficie, una manera de mejorarla es 

incrementar la afinidad del adhesivo por la superficie del sustrato, para lo cual una de las 

estrategias que se pueden emplear es la aplicación de tratamientos superficiales. Cuando 

se realiza un tratamiento superficial aun sustrato se potencian los mecanismos de 
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adhesión tales como la eliminación de contaminantes superficiales y sustancias capaces 

de formar capas débiles de ruptura preferencial, creación de grupos específicos (polares, 

ácido-base) en la superficie, creación de una adecuada topografía superficial (rugosidad, 

hendiduras, poros) para facilitar el anclaje del adhesivo e incrementar la superficie de 

contacto, o el entrecruzamiento de las cadenas poliméricas de la capa superficial, creando 

una protección frente a la migración a la superficie de especies de bajo peso molecular. 

Existen diversos tratamientos superficiales para diferentes sustratos, incluyendo la 

limpieza con disolventes, tratamientos mecánicos abrasivos, tratamientos químicos y, 

más recientemente, tratamientos basados en irradiación de la superficie del sustrato, 

tales como la radiación ultravioleta con ozono o los plasmas (atmosférico o baja presión).   

Esta tesis doctoral se centra en la modificación superficial de polidimetilsiloxano 

mediante el empleo de diferentes tipos de plasma, por lo que estos tratamientos 

superficiales se resumen de una forma más detallada en el punto siguiente. 

1.3 – Tratamientos superficiales con plasma. 

El “plasma” es un sistema gaseoso compuesto por partículas subatómicas como iones, 

electrones, radicales, etc. Cuando se produce la ionización de un gas para formar plasma 

mediante la aplicación de una gran cantidad de energía, generalmente un potencial 

eléctrico, ésta es transferida principalmente a los electrones debido a su menor masa, la 

cual es transferida posteriormente a las partículas neutras y los iones mediante 

colisiones. Puesto que estas partículas neutras e iones representan prácticamente la 

totalidad de la masa, en un sistema en el que no se produce el suficiente número de 

colisiones como para alcanzar el equilibrio energético entre electrones y partículas 

pesadas, la temperatura promedio del sistema es muy inferior a la de ionización del gas lo 

que se conoce como plasma de no-equilibrio o plasma frío. Sin embargo, cuando el 

número de colisiones aumenta (debido a una mayor densidad de partículas, por ejemplo) 

la temperatura de las partículas pesadas y la de los electrones se aproximan al equilibrio, 

aumentando la temperatura media del gas, denominándose plasma de equilibrio o 

plasma térmico. 



José A. Jofre - PhD Thesis                                                                                          Resumen en Castellano 
 

291 
 

Estos tipos de plasma (no-equilibrio y equilibrio) se generan preferentemente en sistemas 

que trabajan a baja presión y a presión atmosférica, respectivamente, debido a que la 

densidad de partículas influye en el número de colisiones entre especies con diferente 

energía. De este modo, los plasma fríos se generan de una forma más fácil y mejor 

controlada en reactores de baja presión; sin embargo, los sistemas de plasma a presión 

atmosférica son más deseables desde el punto de vista industrial (proceso continuo, 

sistemas no estancos), aunque la elevada temperatura alcanzada en un plasma de 

equilibrio (miles de grados) es una limitación importante, por lo que recientemente se 

han desarrollado sistemas de plasma a presión atmosférica que reducen la energía 

aplicada y la temperatura. 

Entre los diferentes sistemas de generación de plasmas se distinguen los siguientes :  

(i) Sistemas de baja presión, en los que la fuente de generación de plasma puede 

operar a distintas frecuencias, desde radiofrecuencia hasta microondas. Por otro 

lado, otro aspecto importante es la configuración de la fuente de potencia que 

determina el modo de aplicar el potencial o campo eléctrico, la cual puede ser por 

acoplamiento inductivo o por acoplamiento capacitivo.  

(ii) Sistemas de presión atmosférica, cuyas posibilidades de configuración son más 

variadas, incluyendo sistemas de descarga corona, en los que se produce la 

ruptura dieléctrica por arco, dando lugar a plasmas menos homogéneos,  sistemas 

de doble barrera dieléctrica (DBD) en los que es más fácil mantener una zona 

homogénea de generación de plasma (llamada “glow”), y sistemas de antorcha en 

los que el plasma se genera entre dos electrodos en forma de cilindros 

concéntricos y es proyectado en dirección axial. En cualquiera de estos sistemas, 

las características del plasma generado dependen de las condiciones 

experimentales usadas, por lo que se hace necesario seleccionar estas condiciones 

cuidadosamente para obtener las características deseadas de plasma y de forma 

reproducible. 

Cuando el plasma generado se pone en contacto con la superficie de un material las 

especies reactivas de alta energía interaccionan con ella, pudiendo producir diferentes 

efectos tales como limpieza, ablación superficial, modificación química y 
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entrecruzamiento. Por otro lado, la radiación ultravioleta emitida durante los procesos de 

relajación puede afectar tanto a la estructura de la superficie del sustrato, produciendo la 

escisión de enlaces covalentes en compuestos orgánicos, como a las partículas de gas, 

formando nuevas especies reactivas susceptibles de reaccionar  con puntos activos de la 

superficie del material formados por bombardeo iónico y/o irradiación; esto hace que se 

generen nuevas especies químicas en la superficie, así como reacciones de 

entrecruzamiento en el propio material de la superficie.  

Además de estos efectos, también es posible modificar la superficie de un material 

mediante deposición por plasma, el cual es un proceso que consiste en introducir en el 

gas plasmógeno un monómero el cual es activado por el plasma, polimerizando sobre la 

superficie del sustrato y generando una capa muy delgada con una composición y 

propiedades diferenciadas. 

Todas estas interacciones del plasma con la superficie del material modifican sus 

propiedades, incluyendo la adhesión. Especialmente los tratamientos con plasma son 

cada vez más utilizados en aplicaciones biomédicas, ya que pueden producir esterilización 

y eliminación de agentes patógenos, el incremento de la adhesión celular y de 

biomoléculas, y la modificación de la biocompatibilidad. 

1.4 – Estado del arte en tratamiento de PDMS con plasmas 

Existen diversos trabajos en la literatura científica en los que se estudian las 

modificaciones producidas en la superficie de polidimetilsiloxano (PDMS) tras el 

tratamiento superficial con diferentes tipos de plasmas, principalmente plasma a baja 

presión y descarga corona, los cuales han permitido determinar el mecanismo de 

modificación superficial producido durante el tratamiento. Este consiste básicamente en 

la sustitución de los grupos pendientes metilo del PDMS por grupos hidroxilo, los cuales 

son susceptibles de reaccionar mediante condensación consigo mismos formando nuevos 

enlaces Si-O-Si, lo que da lugar a la generación de una delgada capa de sílice en la 

superficie, la cual es frágil y quebradiza. Esto hace que en la superficie del PDMS 

aparezcan surcos tras el tratamiento debido al agrietamiento de esta capa de sílice. Estas 

modificaciones implican un aumento de la energía superficial del material, y por 

consiguiente de su mojabilidad y adhesión.  
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El grado de modificación superficial del PDMS depende de las condiciones de tratamiento 

con plasma tales como el tiempo de tratamiento, la potencia aplicada, el voltaje, la 

frecuencia, la naturaleza del gas, el grado de entrecruzamiento del material, etc, 

existiendo un valor crítico en el que las propiedades superficiales adquieren un valor 

óptimo. En general, todos los estudios sobre el efecto de estas variables en las 

modificaciones de PDMS con plasmas se han llevado a cabo de forma individual, es decir, 

variando un solo parámetro y manteniendo constantes el resto de parámetros. 

Muchos de los trabajos realizados en la literatura científica estudian además la estabilidad 

de las modificaciones superficiales producidas en la superficie del PDMS, ya que se 

demostrado la pérdida de la hidrofilicidad superficial tras el tratamiento (hydrophobic 

recovery). Esta pérdida de hidrofilicidad se ha atribuido tanto a la reorientación de las 

cadenas políméricas de la superficie, con los grupos funcionales polares creados mediante 

plasma desplazándose desde la superficie hasta el seno, así como a la migración de 

especies de bajo peso molecular sin modificar desde el seno hasta la superficie a través 

de las grietas formadas durante el tratamiento. Se ha mostrado que esta recuperación 

hidrofóbica es muy rápida, produciéndose mayoritariamente en las primeras horas tras la 

realización del tratamiento. El valor de hidrofobicidad al que se mantiene estable el PDMS 

depende de las condiciones de tratamiento. Además, otro factor que ha sido estudiado y 

que afecta en gran medida a la recuperación hidrofóbica es las condiciones de 

almacenamiento, tanto la polaridad del medio como la temperatura, siendo mucho más 

rápida a altas temperaturas y en medios con baja polaridad. 

También en la literatura científica existen algunos trabajos en los que se estudia el efecto 

de deposición de recubrimientos mediante polimerización asistida con plasma sobre 

PDMS. Dependiendo de la naturaleza del precursor o monómero empleado, el efecto 

alcanzado es diferente. En algunos casos se han usado precursores fluorados para 

funcionalizar la superficie, lo que produce un incremento de la hidrofobicidad, mientras 

que el uso de polietilenglicol o hidroxietil metacrilato produce una verdadera 

polimerización que actúa como barrera que impide la migración de especies del seno del 

PDMS que producen la recuperación hidrofóbica. Muchos de estos recubrimientos se han 

realizado para mejorar la interacción entre PDMS y sistemas biológicos (proteínas, 

hemocompuestos, sistemas celulares). 
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En cualquier caso, el uso de plasmas, principalmente plasma atmosférico, para la 

modificación superficial de PDMS y el entendimiento de cómo afectan las características 

del plasma a las propiedades superficiales y su estabilidad no está suficientemente 

definido todavía. 

1.5 – Diseño de experimentos 

En la mayoría de los procesos o sistemas sujetos a estudio el principal objetivo reside en 

determinar la relación existente entre unas variables de entrada o factores y unas 

variables de salida o respuestas. Para ello, la metodología más frecuentemente seguida 

consiste en modificar una variable manteniendo constante todas las demás, estudiando 

su efecto en las respuestas. Sin embargo, esta metodología presenta una serie de 

limitaciones: requiere un elevado número de experimentos si se desea estudiar el efecto 

sobre la respuesta de todos los factores a distintos niveles; se puede determinar cómo se 

comporta un sistema al variar un parámetro a determinados valores del resto de factores, 

pero si el parámetro estudiado depende del nivel adoptado por algún otro factor, el 

comportamiento obtenido no es extrapolable a todo el sistema, por lo que su utilidad 

resulta siendo limitada. 

Mediante el uso del diseño estadístico de experimentos, se pueden desarrollar planes 

experimentales en los cuales se varíen simultáneamente los diferentes factores 

implicados para obtener la mayor información posible con el menor número de recursos. 

De este modo, el diseño de experimentos permite por un lado determinar cuáles son 

aquellos factores que representan la mayor parte del efecto en las respuestas, pudiendo 

sacar del estudio factores que no resultan determinantes en la descripción del 

comportamiento del sistema. Por otro lado, mediante la aplicación de modelos de 

regresión numérica, se pueden obtener superficies de respuesta que describan 

analíticamente el comportamiento del sistema, de tal modo que no sólo la aplicación de 

ésta metodología reduce el número de experimentos a desarrollar, sino que además 

permite predecir la respuesta para cualquier combinación de valores de cada uno de los 

factores. 
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2 - Objetivos 

El objetivo de esta tesis doctoral surge a partir de un proyecto de investigación 

desarrollado en el Laboratorio de Adhesión y Adhesivos de la Universidad de Alicante en 

el periodo comprendido entre los años 2011 y 2012, el cual consistía en el desarrollo de 

un sistema de fijación mediante adhesivos para prótesis correctoras de orejas 

despegadas, de tal modo que estas prótesis se colocan adheridas a la piel entre la parte 

posterior de la oreja y la cabeza, manteniendo ambas partes unidas por medio del 

adhesivo. Estas prótesis estaban construidas en PDMS por sus  buenas propiedades de 

flexibilidad, transparencia y biocompatibilidad; sin embargo, la baja energía superficial del 

PDMS no permitía fijar el adhesivo de forma satisfactoria, despegándose el adhesivo de la 

prótesis permaneciendo en la piel y no cumpliendo su función. 

Este objetivo particular se amplió a la optimización de las propiedades superficiales y de 

adhesión y mejora de la durabilidad de PDMS tratado con plasmas en la investigación 

llevada a cabo en el marco de la acción “Biomedical Application of Atmospheric Pressure 

Plasma Technology” del Consorcio Europeo para la Ciencia y la Tecnología (COST), usando 

diferentes tipos de plasma atmosférico en colaboración con la École Nationale Superieure 

de Chimie de Paris (Chimie-ParisTech) y la Universidad Pierre y Marie Curie de París. 

De este modo, los objetivos generales planteados en el desarrollo de esta tesis doctoral 

son los siguientes:  

- Desarrollar un plan experimental para el estudio sistemático del efecto de los 

tratamientos superficiales con plasma sobre PDMS mediante un diseño estadístico 

de experimentos, para determinar las condiciones óptimas del tratamiento con 

plasma y obtener la máxima efectividad. 

 

- Optimizar los tratamientos con plasma encontrando las condiciones de 

tratamiento superficial que maximicen las propiedades superficiales minimizando 

la recuperación hidrofóbica, a partir de la modelización del efecto del tratamiento 

sobre las propiedades del PDMS. 
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- Obtener uniones adhesivas de PDMS y adhesivo acrílico para uso médico que sean 

resistentes y duraderas, tras aplicar el tratamiento con plasma adecuado. 

 

- Analizar y comparar diferentes sistemas de tratamiento con plasma operando en 

diferentes condiciones y configuraciones, para establecer cómo afectan a las 

características del plasma generado y a la efectividad del mismo en la 

modificación superficial de PDMS. 

 

- Controlar las propiedades superficiales consiguiendo funcionalidades específicas 

mediante la aplicación de recubrimientos sobre la superficie de PDMS utilizando 

un método de deposición en fase gas asistido por plasma atmosférico. 

 

3 – Materiales y técnicas experimentales 

3.1 – Materiales 

Se fabricaron películas de polidimetilsiloxano de 0.8 mm de espesor a partir de dos 

prepolímeros de PDMS alcoxídico (Wackers Chimie AG – Munich, Alemania) de diferente 

peso molecular, los cuales poseen diferente grado de entrecruzamiento. Como adhesivo 

se empleó un adhesivo sensible a la presión en base acrílica para uso médico de 3M (3M 

Co - St. Paul MN, EEUU). 

 
3.2 – Técnicas experimentales 

La mojabilidad del PDMS tratado y su evolución con el tiempo fue evaluada mediante 

medidas de ángulos de contacto con agua a 25ºC empleando un goniómetro ILMS 377 

(GBX Instruments – Bourg de Péage, Francia). Las medidas se realizaron depositando 

gotas de 4 l de agua sobre la superficie del PDMS inmediatamente tras ser tratado, 

realizando al menos cinco réplicas de cada medida. Cuando se quería determinar era la 

estabilidad del tratamiento frente a la recuperación hidrofóbica, las medidas se realizaron 

24 horas después del tratamiento. 
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Las modificaciones químicas producidas en la superficie tratada del PDMS se analizaron 

mediante espectroscopía IR en modo ATR en un equipo Alpha con prisma de Ge (Bruker 

Optiks – Etlinger, Alemania). El análisis de la capa más superficial se realizó mediante XPS 

usando un equipo K-Alpha (Thermo Fischer Scientific – Waltham MA, USA) con una fuente 

de emisión Al-Kα (1486.6 eV). 

Los cambios en la morfología superficial de la superficie tratada del PDMS se analizaron 

mediante SEM en un microscopio electrónico de barrido JEOL JSM-840 (Jeol Ltd. - Tokyo, 

Japón) tras metalización de las muestras con oro, con una energía del haz de electrones 

de 12 kV. El análisis cuantitativo de la nanorugosidad superficial generada por el 

tratamiento se realizó con un equipo AFM NTEGRA Prima (NT MDT – Moscú, Rusia). Se 

analizaron áreas de dimensiones 10x10 m en modo semi-contacto. 

Para determinar el efecto del tratamiento con plasma atmosférico en las propiedades de 

adhesión del PDMS se realizaron uniones adhesivas con películas de PDMS tratado de 

20x100 mm y adhesivo acrílico las cuales fueron evaluadas mediante ensayos de pelado 

en T con un analizador de textura TA-TX2i (Stable Micro Systems – Surrey, UK) con célula 

de carga de 50 N, usando una velocidad de tracción de 1 mm. 

 

4 – Resultados y discusión 

4.1 – Capítulo 3: Tratamiento de PDMS con plasma de baja presión 

El tratamiento de PDMS se llevó a cabo en un sistema de baja presión con generador de 

radiofrecuencia BSETEQ NT-1 Supersystem (BSETEQ, Pittsburg, PA, USA) usando 

diferentes mezclas de oxígeno y argón como gas plasmógeno (99.999% de pureza, Abelló-

Linde, Barcelona, España). El sistema de baja presión consistía en una cámara de vacío 

con tres bandejas intercambiables y de posición variable, dos de las cuales actúan como 

electrodos del sistema generador (potencia y tierra) y la tercera no tiene conexión a la 

fuente de potencia y se utiliza para colocar la muestra en distintas posiciones relativas a 

la zona de generación de plasma.  

El sistema permite controlar diferentes variables del proceso, cuyo efecto se estudió 

mediante la aplicación de un diseño de experimentos utilizando una matriz de Plackett-
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Burman; las variables estudiadas fueron la potencia aplicada, la duración del tratamiento, 

la presión residual del sistema (determinada por el flujo total de gas), la composición del 

gas, el grado de entrecruzamiento del PDMS, la distancia de la superficie del sustrato al 

electrodo de potencia y la distancia de separación entre ambos electrodos. Se midió el 

ángulo de contacto con agua de la superficie de PDMS tratada como variable respuesta, 

obteniéndose que la variable que más influía incrementando la mojabilidad de la 

superficie del PDMS justo después de realizar el tratamiento con plasma a baja presión 

era la duración del mismo, mientras que la presión residual del sistema era la que más 

afectaba a la duración del tratamiento, minimizando la recuperación hidrofóbica a 

medida que se reducía la presión, siendo su efecto constante para presiones inferiores a 

300 mTorr. 

El efecto de la duración del tratamiento se estudió junto con el de la potencia aplicada, 

utilizando la variación de la energía libre superficial del PDMS como variable respuesta, y 

se obtuvo que el tratamiento con plasma a baja presión presentaba un mayor efecto 

cuando se realizaba durante tiempos largos y a pequeños valores de potencia; este efecto 

observado en la energía superficial se debía a una mayor variación en la química 

superficial, encontrándose una mayor oxidación de las especies siloxano en la superficie 

del PDMS. Además, se observó una considerable interacción entre ambos factores, ya que 

con los tratamientos a elevadas potencias, las modificaciones observadas en PDMS eran 

más importantes para tiempos de tratamientos cortos. 

La otra variable con un efecto significativo sobre la recuperación de la hidrofobicidad del 

PDMS tratado con plasma a baja presión era la relación oxígeno-argon en la composición 

del gas, por lo que se estudiaron las modificaciones superficiales producidas usando 

diferentes composiciones del gas, obteniéndose la mayor reducción de ángulo de 

contacto para tiempos de tratamiento largos usando una mezcla rica en oxígeno con una 

pequeña cantidad de argón (93vol% O2 + 7vol% Ar). El tratamiento de PDMS con esta 

composición producía una oxidación superficial mayor que la producida con tratamientos 

de plasma utilizando los gases puros o mezclas equimolares de ambos, y además 

generaba una capa de sílice superficial de mayor espesor, así como una mayor 

concentración de especies hidroxiladas en superficie. Esto se debía al efecto sinérgico del 

empleo simultáneo de ambos gases, ya que si bien el plasma de oxígeno era el 
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responsable de la funcionalización superficial, el uso de plasma de argón producía un 

bombardeo electrónico más energético dando lugar a una mayor ablación superficial, lo 

que potenciaba la formación de más especies oxigenadas con plasma de oxígeno.  

El tratamiento de la superficie de PDMS en condiciones óptimas de composición de gas 

reducía la recuperación hidrofóbica, produciéndose un menor incremento de la 

mojabilidad superficial tras dos semanas de tratamiento y almacenamiento en 

condiciones ambientales que en las superficies tratadas usando cualquier otra 

composición de gas, siendo además el contenido en especies oxidadas mayor en las 

superficies tratadas en condiciones óptimas dos semanas después del tratamiento. Esto 

hizo que las propiedades de adhesión del PDMS al adhesivo acrílico se incrementaran en 

más de diez veces después de someterse a tratamiento con plasma de baja presión en 

condiciones óptimas, y que estas propiedades se mantuvieran prácticamente invariables 

durante al menos dos semanas después del tratamiento. 

 
4.2 – Capítulo 4: Tratamiento de PDMS con antorcha de plasma atmosférico 

En este estudio se empleó una antorcha de plasma atmosférico FG 5001 (Plasmatreat 

GmbH – Steinhagen, Alemania) con aire comprimido como gas plasmógeno y diferentes 

tipos de boquilla para el tratamiento superficial de PDMS, y se obtuvo mediante un 

cribado de variables que la velocidad de antorcha y la distancia de la boquilla a la muestra 

determinaban mayoritariamente la efectividad del tratamiento en la mojabilidad, frente a 

otras variables tales como el voltaje y la frecuencia de la fuente de generación de plasma, 

el tiempo de pulso energético en los electrodos, el número de pasadas y el tiempo 

transcurrido entre dos pasadas consecutivas. 

Las condiciones óptimas de tratamiento del PDMS con antorcha de plasma se 

determinaron por medio de un diseño experimental de superficie de respuesta Doehlert, 

analizando como variable respuesta la relación oxígeno/carbono en la superficie del 

PDMS obtenida mediante XPS. De este modo, las condiciones de tratamiento que 

proporcionaban la mayor cantidad de grupos oxigenados en la superficie del PDMS 

correspondían a una distancia entre boquilla y sustrato de 6.4 mm y una velocidad de 

antorcha de plasma de 10.3 m/min. Tras realizar el tratamiento con antorcha de plasma 
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en estas condiciones se producía un gran aumento de la mojabilidad superficial del PDMS, 

reduciendo el valor del ángulo de contacto con agua desde 109º (material sin tratar) 

hasta los 11º inmediatamente después del tratamiento. 

El análisis superficial mediante espectroscopia IR-ATR no mostraba diferencias entre el 

PDMS sin tratar y tratado con antocha de plasma, lo que indicaba que el tratamiento se 

limitaba a la capa más superficial del material. Mediante espectroscopia XPS se 

determinaron las modificaciones químicas producidas por el tratamiento en la superficie 

más externa del PDMS, obteniéndose que el contenido de silicio, oxígeno y carbono de la 

superficie del PDMS sin tratar correspondía a la composición estequiométrica del 

polidimetil siloxano (SiO(CH3)2), mientras que tras el tratamiento, el contenido en oxígeno 

de la superficie se incrementaba notablemente en detrimento del contenido en carbono. 

Esto se explicaba por la sustitución de los grupos metilo unidos a los átomos de silicio de 

la cadena principal de PDMS por grupos hidroxilo, mucho más hidrófilos, lo que justificaba 

el notable aumento en la mojabilidad tras el tratamiento. En la deconvolución de los 

fotopicos Si2p3/2 obtenidos del análisis XPS del PDMS antes y después del tratamiento con 

antorcha de plasma se observaba que ambos picos se ajustan a las energías de enlace de 

102.1 eV y 103.4 eV, correspondientes a las especies SiO(CH3)2) y SiO4 respectivamente, 

aumentando el contenido de especies oxidadas desde 11.7at% en el PDMS sin tratar a 

73.4at% tras el tratamiento con antorcha de plasma. 

El tratamiento con antorcha de plasma producía también modificaciones en la topografía 

superficial del PDMS inicialmente lisa, apareciendo grietas en la superficie con 

dimensiones cercanas a 1-2 micras, así como pequeños surcos de tamaño nanométrico 

tras el tratamiento con antorcha de plasma. En el análisis realizado mediante AFM se 

observó una superficie relativamente lisa del PDMS sin tratar, mientras que tras el 

tratamiento con antorcha de plasma se generaba rugosidad en forma de poros de tamaño 

nanométrico alineados, formando microsurcos. En términos cuantitativos la rugosidad 

media del PDMS a escala nanométrica se incrementaba con el tratamiento con antorcha 

de plasma desde 13 nm hasta 30 nm. 

Para monitorizar la estabilidad del tratamiento con antorcha de plasma se realizaron 

medidas de ángulo de contacto con agua sobre la superficie de PDMS tratada a diferentes 
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tiempos transcurridos desde la realización del tratamiento superficial; el experimento 

también se llevó a cabo en diferentes condiciones de exposición de la superficie tratada: 

exposición al aire, inmersión en agua y recubrimiento con un adhesivo en base acrílica 

aplicado inmediatamente tras realizar el tratamiento superficial (el cual era retirado 

inmediatamente antes de realizar cada medida). Se observó que en condiciones de 

exposición al aire se producía una recuperación de la hidrofobicidad del PDMS 

prácticamente total en 24 horas, siendo el ángulo de contacto de 100º (9 grados menor 

que en el PDMS sin tratar). Para la muestra sumergida en agua la pérdida de hidrofilicidad 

era mucho menor, alcanzándose un valor final de ángulo de contacto de 60º, aunque de 

manera mucho más rápida, ya que este valor se alcanzaba transcurridas 5 horas desde la 

realización del tratamiento con antorcha de plasma. Este comportamiento se atribuyó a 

que el ambiente polar (agua) impedía la reordenación de las cadenas de PDMS 

modificadas, de manera que los grupos oxigenados se reorientaban hacia el interior del 

seno del material. Finalmente, la mojabilidad del PDMS tras retirar el adhesivo acrílico 

permanecía constante alrededor de 35º con independencia del tiempo transcurrido tras 

realizar el tratamiento con plasma; la relativamente pequeña pérdida de mojabilidad se 

debía a la separación parcial de la capa de sílice en la superficie del PDMS tratado. 

La adhesión al adhesivo acrílico mediante ensayos de pelado en T se incrementó desde un 

valor prácticamente nulo correspondiente a la unión del PDMS sin tratar (0.5 N/m) hasta 

200 N/m para las uniones realizadas con PDMS tratado con antorcha de plasma; estos 

resultados indicaban que el tratamiento con antorcha de plasma atmosférico mejoraba 

enormemente las propiedades de adhesión del PDMS al adhesivo acrílico, debido a las 

modificaciones superficiales producidas por el tratamiento. Además, la adhesión se 

mantenía estable después de 6 meses transcurridos tras la realización del tratamiento y 

formación de la unión adhesiva. Sin embargo, las propiedades de adhesión obtenidas 

eran menos estables que en el caso de tratamiento superficial mediante plasma de baja 

presión, ya que éstas se reducían notablemente si la unión con el adhesivo se realizaba 

después de 24 horas desde la realización del tratamiento. 
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4.3 – Capítulo 5: Tratamiento de PDMS con plasma atmosférico en sistema DBD. 

Para el estudio de las modificaciones superficiales de PDMS con plasma atmosférico en 

sistema DBD (descarga en doble barrera dieléctrica) se utilizó un equipo de fabricación 

casera donde el electrodo de potencia consistía en un cilindro de acero encamisado por 

un tubo hueco de material cerámico, mientras que el electrodo de tierra era una 

plataforma móvil que se desplazaba con velocidad variable bajo el electrodo de potencia 

y sobre el que se depositaba una lámina de vidrio como segundo dieléctrico. La distancia 

entre electrodos, así como el voltaje, la frecuencia y la intensidad de corriente eran 

también parámetros controlables. Todos ellos, junto al número de pasadas y el tiempo 

transcurrido entre las mismas, fueron estudiados simultáneamente con un diseño 

experimental para determinar cuáles presentaban una mayor influencia en la mojabilidad 

de la superficie de PDMS, siendo la velocidad, el voltaje y la distancia entre electrodos los 

más relevantes. 

En un estudio compuesto central de primer orden llevado a cabo para estas tres variables, 

se determinó que la variable principal era el voltaje seguido de la velocidad, mientras que 

el efecto de la separación entre electrodos era mucho menor. Sin embargo, en un estudio 

individual de la velocidad de pasada se observó que esta variable pasaba a tener un peso 

determinante a valores muy pequeños (tiempo de exposición muy largos). 

Entre las variables de velocidad de pasada y voltaje no se observó interacción utilizando el 

valor de ángulo de contacto como respuesta; sin embargo, ambas variables presentaban 

una interacción importante cuando se usaba la relación oxígeno-carbono obtenida 

mediante XPS como respuesta, indicando que no existía una relación directa entre el 

contenido en oxígeno superficial y la mojabilidad. En un análisis más profundo de la 

química superficial con XPS se observó que los cambios en las propiedades superficiales 

estaban más relacionados con la naturaleza de las especies oxidadas que con la cantidad 

de oxígeno en la superficie del PDMs; en este sentido, y mediante deconvolución de los 

fotopicos Si2p3/2 obtenidos del análisis XPS del PDMS tratado con plasma atmosférico 

DBD se observó que además de las energías de enlace a 102.1 eV, 102.8 eV y 103.4 eV, 

aparecían contribuciones a mayores valores de energía de enlace, loc cuales correspondía 

a estructuras de silicio con un mayor índice de oxidación, formando una capa de óxido de 
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silicio no estequiométrico. Estas mismas superficies mostraron mediante deconvolución 

del fotopico C1s que los átomos de carbono también sufrían una mayor oxidación cuando 

eran sometidas a tratamiento con plasma atmosférico a altos voltajes, apareciendo 

grupos carbonilo además de las especies de oxígeno unidas a átomos de carbono 

mediante enlace simple C-O que aparecían en el resto de muestras tratadas. 

Las superficies de PDMS tratadas que presentaban especies de silicio oxidado con alto 

contenido en oxígeno mostraron también pequeñas grietas, menos gruesas y profundas 

que las observadas en las superficies tratadas con antorcha de plasma atmosférico. 

Empleando tratamientos menos agresivos, no se observaron grietas pero aparecían 

pequeñas ondulaciones en la superficie. En cuanquier caso, la nanorrugosidad formada 

con el tratamiento de plasma DBD era muy similar a la generada con el tratamiento de 

antorcha de plasma atmosférico, aunque era más homogénea. 

La durabilidad de la hidrofilicidad obtenida en la superficie del PDMS tras el tratamiento 

con plasma DBD mostraba buena estabilidad, superior a la obtenida con antorcha de 

plasma atmosférico, aumentando el valor del ángulo de contacto desde 31 grados hasta 

un valor estable alrededor de 63 grados en aproximadamente 72 horas. La adhesión de 

PDMS justo después de tratamiento con plasma DBS a adhesivo acrílico aumentaba 

enormemente con respecto al material sin tratar, y una vez realizada la unión la adhesión 

se mantenía durante por lo menos 6 meses. 

 
4.4 – Capítulo 6: Recubrimiento de PDMS mediante deposición asistida por antorcha de 

plasma atmosférico. 

Para la formación de recubrimientos sobre PDMS mediante deposición asistida con 

palsma se utilizó un sistema modificado de antorcha de plasma atmosférico Openair® 

Plasmatreater AS 400 (Plasmatreat GmbH – Steinhagen, Germany), el cual consistía en un 

sistema de antorcha con una entrada lateral por la cual se introducía el precursor o 

monómero en la zona de generación de plasma entre los dos electrodos, activando las 

moléculas de monómero y proyectándolas sobre la superficie activada de sustrato 

formando una película delgada polimerizada. Se utilizaron dos precursores diferentes 

para polimerización asistida con plasma : 3-aminopropil trietoxisilano (APTES) para la 
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formación de capa de sílice con grupos nitrogenados, comparando el grado de 

recuperación hidrofóbica con el producido en la capa de sílice generada por la oxidación 

de PDMS con plasma; y un prepolímero de poliuretano.  

En el recubrimiento de PDMS con silano, se estudió el efecto del número de pasadas (3 y 

10) y el flujo de precursor, variando el flujo de gas portador (1.3 y 3.0 l/min). En el estudio 

mediante espectroscopia IR-ATR de las superficies de PDMS con recubrimientos 

generados con bajos flujos de precursor no se observaba la formación de nuevas bandas 

de absorción, aunque la intensidad relativa de las bandas silicio-oxígeno incrementa 

debido tanto a la deposición de los grupos silano como a la oxidación del siloxano 

producida por el tratamiento con plasma; además, se observa también la presencia de 

nuevos grupos hidroxilo. Sin embargo, en el PDMS recubierto utilizando un flujo elevado 

de precursor se identifican además tanto bandas de grupos nitrogenados como de 

metilos y metilenos, debido a la deposición de APTES, siendo más intensas en los 

recubrimientos realizados con un menor número de pasadas, lo que indicaba que un 

número elevado de pasadas producía además ablación de la capa polimerizada, ya que su 

espesor era menor. 

El análisis químico elemental mediante XPS mostró que la mayor concentración de 

oxígeno en la superficie del PDMS corrrespondía, contrariamente a lo observado 

mediante espectroscopia IR-ATR, a las muestras recubiertas con flujos bajos de precursor 

y menor número de pasadas, mientras que para elevados flujos de precursor la 

composición era muy similar a la de la superficie sin tratar. Esto se explicó por la elevada y 

rápida recuperación hidrofóbica en estas últimas superficies, debido a la gran cantidad de 

grietas producidas en los recubrimientos.  Además de las grietas, la morfología superficial 

de los recubrimientos obtenidos en diferentes condiciones era significativamente 

diferente y particular, presentando pequeñas crestas de espesor nanométrico en los 

recubrimientos producidos con flujos de precursor bajos, siendo más numerosas en las 

películas obtenidas con un mayor número de pasadas. Por su parte, los recubrimientos 

obtenidos con flujos de precursor elevados mostraban una estructura granulosa, que para 

un mayor número de pasadas pasaba a ser jerárquica, con una nanorrugosidad sobre 

otras estructuras rugosas de mayor tamaño, lo que producía un efecto de 
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superhidrofobicidad particular encuadrado en un estado Cassie-Baxter, dando lugar al 

“efecto flor de loto”. 

En el caso de superficies de PDMS recubiertas con prepolímero de poliuretano era 

necesario un flujo mínimo de prepolímero para obtener una delgada capa de 

recubrimiento sobre el sustrato, y un mayor número de pasadas con flujo elevado 

aumentaba el espesor de la capa depositada, aunque en todos los casos ésta es menor de 

una micra. De este modo, las muestras recubiertas con bajos flujos de precursor y 

pequeño número de pasadas no mostraban apenas diferencias con la superficie de PDMS 

sin tratar; sin embargo, el recubrimiento con mayores valores de flujo y distinto número 

de pasadas no mostraban diferencias en la composición química obtenida con XPS, pero sí 

en el espectro IR-ATR, lo que ratificaba las diferencias en el espesor de capa depositada. 

A medida que se incrementaba el flujo de prepolímero y el número de pasadas, la 

nanorrugosidad formada aumentaba mostrando una morfología similar en todos los 

casos, a modo de ondulaciones, cuyo tamaño disminuía y su número aumentaba a 

medida que el flujo de precursor y el número de pasadas se incrementaban. Esta 

rugosidad se apreciaba incluso en muestras recubiertas en condiciones suaves (bajos 

valores de flujo y de pasadas) que no mostraban diferencias en la composición química, lo 

que indicaba que la capa obtenida en estas condiciones es extremadamente delgada. A 

medida que el espesor de la capa de poliuretano depositada se incrementaba al 

aumentar el flujo de prepolímero, el valor de ángulo de contacto disminuía hasta un valor 

similar al de la superficie del poliuretano; sin embargo, para un mayor número de 

pasadas, la mojabilidad de la superficie recubierta era incluso mayor que la del 

poliuretano, debido a la oxidación del recubrimiento por el tratamiento con plasma. 

 

5 – Conclusiones 

5.1 – Tratamiento de PDMS con plasmas 

En el estudio de tratamiento superficial de PDMS se ha demostrado que los tratamientos 

con plasma frío constituyen una técnica versátil, controlable, limpia y de bajo coste para 

producir modificaciones de la superficie de polidimetilsiloxano (PDMS), reduciendo su 
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hidrofobicidad y mejorando sus propiedades adhesivas. Se ha encontrado que muchos 

factores diferentes intervienen en el proceso de tratamiento con plasma, relacionados 

con las condiciones de tratamiento, la configuración del equipo, la naturaleza y estructura 

química del sustrato, etc, los cuales influyen en los cambios en las propiedades de 

superficie y en la estabilidad de los mismos de diferente modo.  

La aplicación de la metodología de diseño estadístico de experimentos se ha revelado 

como una herramienta muy útil para seleccionar los parámetros de tratamiento con 

plasma que cubren la mayor parte del efecto sobre las modificaciones superficiales 

producidas. Por otra parte, el diseño de experimentos se han utilizado con éxito para 

modelar el efecto del plasma producido en algunas propiedades de la superficie, así como 

para optimizar las condiciones de tratamiento que maximicen las modificaciones de la 

superficie. 

Aunque los equipos de plasma empleados en los diferentes estudios llevados a cabo en la 

presente tesis doctoral son diferentes, un gran número de parámetros de tratamiento 

son comunes a todos. En el tratamiento con plasma de baja presión se encontró que la 

presión residual era el parámetro que influía más en la variación de la química de la 

superficie y la mojabilidad, así como la inhibición de la recuperación hidrofóbica de la 

superficie de PDMS tratada. Además, la duración del tratamiento, la composición de las 

mezclas de flujo de gas de argón + oxígeno y la potencia afectaba significativamente a la 

eficacia del tratamiento con plasma de baja presión. En el tratamiento con antorcha de 

plasma atmosférico, la distancia de la boquilla a la superficie de la muestra y la velocidad 

de la antorcha representan más que el 80% del efecto sobre la efectividad del 

tratamiento entre los diferentes parámetros que intervenían. Por otro lado, los 

parámetros principales que afectaban en mayor medida a los cambios en la 

hidrofobicidad de la superficie de PDMS tratado con plasma atmosférico DBD eran la 

velocidad de la plataforma a través de la zona de generación de plasma, el voltaje 

aplicado por la fuente de generación y la distancia de separación entre los electrodos de 

potencia y tierra. 

Las condiciones óptimas que maximizaban las propiedades superficiales del PDMS tratado 

con plasma de baja presión, tales como la hidrofilicidad y el contenido en oxígeno de la 
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capa superficial más externa, y que a su vez minimizan la recuperación hidrofóbica, 

fueron el uso de mezclas de oxígeno y argón como gas plasmógeno, rico en oxígeno 

(93vol% O2 + 7vol% Ar) y 300 m Torr de presión residual. En este caso, existe una fuerte 

interacción entre la potencia y duración del tratamiento, minimizando la recuperación 

hidrofóbica en condiciones de tratamiento con 25 W de potencia y 120 segundos. Para los 

tratamientos de PDMS con plasma atmosférico utilizando antorcha de plasma, las 

condiciones de tratamiento óptimas de velocidad de pasada y distancia de la boquilla a la 

superficie de la muestra que maximizan la relación oxígeno-carbono en la superficie de 

PDMS tratado se obtenían a 10.3 m/s y 6.6 mm, respectivamente, manteniendo el resto 

de condiciones de tratamiento fijas a 300 V, 22 kHz y 100% del tiempo de ciclo de plasma. 

No se observó ninguna interacción entre los dos factores clave dentro del dominio 

experimental estudiado. En el caso de plasma a presión atmosférica usando el sistema de 

DBD, el efecto del voltaje aplicado era cuatro veces mayor que el efecto de la velocidad 

de la plataforma, siempre y cuando ambos factores se variaban dentro de la región lineal; 

en el caso contrario, el efecto de la velocidad de la plataforma adquiría una importancia 

principal. El efecto de la distancia entre electrodos sobre los cambios en la hidrofobicidad 

del PDMS tratado era menos significativo. Estos cambios en las propiedades superficiales 

eran máximos a 20 V y a 6 cm/min de velocidad de la plataforma. No existían 

interacciones entre estos tres factores principales tomando su efecto sobre la mojabilidad 

como respuesta; sin embargo, existía una interacción importante entre ellos tomando la 

química superficial como respuesta. 

El tratamiento superficial de PDMS con cualquiera de los plasmas con gases que 

contenían oxígeno producía la oxidación de la cadena de polisiloxano, sustituyendo los 

grupos pendientes de metilo por grupos oxigenados, principalmente grupos hidroxilo, lo 

que producía la formación de una estructura reticulada por condensación similar a una 

capa de sílice, con una mayor polaridad y energía superficial, aumentando su 

hidrofilicidad. Cuanto más próximas eran las condiciones de tratamiento a las condiciones 

óptimas, mayor era el grado de oxidación de la superficie del PDMS. El tratamiento con 

plasma de baja presión producía un nivel relativamente bajo de cadenas de siloxano 

totalmente oxidadas, con un contenido en especies de sílice inferior a 50at%. Por otra 

parte, en el tratamiento superficial con plasma atmosférico la superficie de PDMS sufría 
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una mayor oxidación, llegando hasta el 75at% de las especies en siloxano totalmente 

oxidadas después del tratamiento con antorcha de plasma, mientras que con 

tratamientos de plasma DBD se producía una oxidación completa de la superficie de 

PDMS, e incluso se formaban nuevas especies altamente oxidadas, con un contenido en 

oxígeno superior a la relación estequiométrica cuando se llevaba a cabo el tratamiento 

con DBD usando altos valores de tensión (20 V). 

Los tratamientos superficiales de PDMS con plasma producían también cambios en la 

topografía de la superficie. La capa de sílice formada en la superficie más externa de 

PDMS presentaba mayor rigidez y se volvía más frágil que la de la superficie del material 

sin tratar, generando pequeñas grietas y ranuras. Los tratamientos con plasma a presión 

atmosférica generaban una mayor concentración de estas grietas y ranuras delgadas en la 

superficie PDMS, ya que la superficie se oxidaba en mayor grado que en condiciones de 

baja presión, especialmente para valores altos de voltaje y distancias de la boquilla a la 

muestra pequeñas en sistemas de plasma atmosférico de DBD y antorcha, 

respectivamente. Sin embargo, el tratamiento con antorcha de plasma producía grietas 

más anchas y profundas en la superficie PDMS que el tratamiento con sistema DBD. 

Según la literatura, estas grietas eran responsables en parte del fenómeno de 

recuperación hidrófoba del PDMS tratado. 

Una pequeña nanorrugosidad era generada por el tratamiento de plasma atmosférico en 

la superficie de PDMS, con valores de rugosidad similares al de los tratamientos de 

plasma tanto APPJ como DBD; sin embargo, la antorcha de plasma producía una 

rugosidad más homogénea con forma de cráter de diámetro de 1-2 micras de pequeña 

profundidad (alrededor de 50 nm). Por otro lado, el tratamiento de PDMS con plasma de 

baja presión usando mezclas de oxígeno y argón producía la ablación de la superficie, 

reduciendo el valor de nanorrugosidad media. 

Con el tratamiento superficial de PDMS con plasma se producía un gran incremento de 

adhesión a adhesivo acrílico, aumentando la fuerza de despegue en uniones adhesivas 

bajo pelado en T realizadas en un 5,500%, 4,500% y 6,000% con respecto a la del material 

sin tratar, cuando los tratamientos eran llevados a cabo en condiciones óptimas 

utilizando plasma de baja presión, antorcha de plasma atmosférico y plasma atmosférico 



José A. Jofre - PhD Thesis                                                                                          Resumen en Castellano 
 

309 
 

con sistema DBD, respectivamente. En todos los casos  se producía u n fallo de adhesión 

entre el sustrato (PDMS) y el adhesivo. Por lo tanto, el tratamiento de PDMS con plasma 

resultaba efectivo para mejorar las propiedades de adhesión, especialmente con plasma 

atmosférico DBD. 

La máxima adhesión se obtuvo en uniones adhesivas realizadas justo después del 

tratamiento del sustrato PDMS con antorcha de plasma atmosférico, y disminuía a 

medida que transcurría el tiempo entre el tratamiento y la unión con el adhesivo. Sin 

embargo, la adhesión de PDMS tratado con plasma de baja presión y almacenado en 

condiciones ambientales se mantuvo hasta 14 días, lo que confirmaba la mayor 

estabilidad de las modificaciones superficiales producidas con plasmas generados con 

composición óptima (93vol% O2 + 7vol% Ar). En todos los casos, una vez que el adhesivo 

se aplicaba sobre la superficie de PDMS tratada con plasma, la adhesión se mantenía 

prácticamente constante durante al menos seis meses. 

Todas las superficies de PDMS tratadas con diferentes tipos de plasma presentaban 

recuperación hidrofóbica desde inmediatamente después del tratamiento; sin embargo, 

dependiendo del sistema de plasma utilizado la velocidad de recuperación hidrofóbica y 

el valor de hidrofilicidad final eran distintos. El PDMS tratado con antorcha de plasma 

atmosférico muestra una recuperación hidrofóbica más rápida, alcanzando un valor de 

ángulo de contacto constante inferior al del sustrato sin tratar 24 horas después del 

tratamiento. Estos valores eran diferentes dependiendo del tipo de boquilla utilizada en 

la antorcha (rotacional y estática), obteniendo una recuperación hidrofóbica más rápida 

pero hasta un valor de ángulo de contacto menor cuando se utilizaba un cabezal 

rotacional. Por otro lado, la recuperación hidrofóbica del PDMS tratado con plasma 

atmosférico DBD era moderado, con un aumento del ángulo de contacto de agua 

alrededor de 30 grados, alcanzando el ángulo de contacto estable a 63 grados después de 

tres días de envejecimiento en almacenamiento de aire. Sin embargo, la mayor parte de 

la pérdida de hidrofilicidad se producía en las horas inmediatamente después de 

tratamiento, mostrando un tiempo medio de recuperación hidrófoba alrededor de 8 

horas. Finalmente, la superficie de PDMS tratada con plasma en condiciones de baja 

presión presentaba los valores más bajos tanto de velocidad de recuperación hidrofóbica  

como de ángulo de contacto estable, especialmente cuando se trataba en condiciones 



Resumen en Castellano                                                                                          José A. Jofre - PhD Thesis 
 

310 
 

óptimas de tratamiento y composición de gas, ya que la estabilidad hidrofílica fue una de 

las variables de respuesta en la optimización de esta técnica. Así, los cambios en la 

hidrofilicidad mediante tratamiento con plasma eran más estables en condiciones de baja 

presión, aunque en condiciones atmosféricas el tratamiento con DBD era 

significativamente más estable que con antorcha de plasma debido a los tiempos más 

largos de tratamiento y condiciones menos agresivas. 

Aunque las propiedades superficiales del PDMS obtenidas tras el tratamiento con 

antorcha de plasma atmosférico eran las menos estables, probablemente debido a la 

menor duración del tratamiento, la estabilidad de la superficie tratada mejoraba de 

manera muy significativa los valores alcanzados en el único estudio existente en la 

literatura, donde se aplicaban condiciones arbitrarias de tratamiento obteniendo una 

recuperación hidrofóbica completa 1 hora después del tratamiento, lo que confirmaba la 

utilidad del empleo del diseño estadístico de experimentos. 

Las condiciones en las que se mantuvo el PDMS tratado con plasma tras el tratamiento 

influían en el grado de recuperación hidrofóbica. Un entorno polar reducía esta 

recuperación, mostrando una menor pérdida de hidrofilicidad que en las muestras de 

PDMS almacenadas en aire, mientras que esta pérdida se realizaba en un tiempo más 

corto. El proceso de envejecimiento bajo agua creaba nuevos grupos de oxígeno anclados 

a los grupos metilo en la superficie de PDMS tratada, mostrando una buena mojabilidad y 

contenido en oxígeno elevados. Por otra parte, la aplicación del adhesivo acrílico sobre la 

superficie tratada anclaba los nuevos grupos polares creados en la superficie sobre el 

adhesivo e impedía su reorientación desde la superficie hacia el seno del material, así 

como producía el sellado de las grietas generadas en la superficie, evitando la migración 

de especies hidrófobas de bajo peso molecular desde el seno a la superficie. 

 
5.2 – Polimerización asistida por plasma sobre PDMS 

En la deposición de recubrimientos de PDMS mediante antorcha de plasma atmosférico, 

usando tanto APTES o poliuretano como precursores en la polimerización, el flujo de 

precursor era el parámetro que afectaba en mayor medida a las propiedades del 
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recubrimiento con respecto al número de pasadas de antorcha de plasma. El espesor 

máximo obtenido en los recubrimientos con ambos precursores fue inferior a 1 micra. 

Para valores pequeños de número de pasadas y de flujo del precursor, la química 

superficial del PDMS recubierto mostró los mayores valores de relación oxígeno-carbono, 

debido a la modificación superficial de PDMS por la activación con plasma antes de la 

deposición. Para los recubrimientos obtenidos de APTES, la capa superficial más externa 

obtenida con altos valores de flujo de gas portador mostraba casi la misma composición 

química y contenido en especies de silicio que la superficie del PDMS sin tratar, debido a 

una rápida recuperación hidrofóbica por migración de especies de bajo peso molecular de 

polisiloxano del seno a la superficie del material a través de la capa agrietada de 

recubrimiento.   

Las superficies de PDMS recubiertas utilizando APTES como precursor en la 

polimerización mostraron diferente topografía en función del flujo de gas portador; para 

valores más bajos de flujo se generaban estructuras particulares en forma de crestas de 

tamaño nanométrico, cuya densidad y grosor dependían del número de pasadas de la 

antorcha, mientras que para valores más altos de flujo la topografía superficial de la capa 

depositada mostraba forma granular. El recubrimiento obtenido con 3.0 l/ min de caudal 

de gas portador y 10 pasadas de antorcha de plasma presentaba una nanoestructura 

jerárquica similar a la de la superficie de la flor de loto, a modo de estructura 

bioinspirada, proporcionando superhidrofobicidad con potenciales propiedades anti-

contaminación biológica y tribológicas en aplicaciones biomédicas. 

Las películas de poliuretano depositadas con plasma sobre la superficie de PDMS 

presentaban una topografía ondulada independientemente de las condiciones del 

proceso; sin embargo, el grosor y la densidad de las estructuras rugosas, y por 

consiguiente la rugosidad media, dependían de estas condiciones. Por otro lado, el 

espesor de los recubrimientos de poliuretano no llegaba a ser completamente 

homogéneo. 

 

 



Resumen en Castellano                                                                                          José A. Jofre - PhD Thesis 
 

312 
 

5.3 – Trabajo futuro 

Algunas de las líneas de investigación desarrolladas en la presente tesis doctoral no están 

concluídas y siguen abiertas, por lo que se continúa estudiando  el análisis en profundidad 

de varios aspectos, en particular el control de las nanoestructuras producidas por la 

deposición por polimerización con plasma y la inhibición de la recuperación hidrofóbica 

en distintos medios, entre otros. 
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Figure 6.12b ATR-IR spectra of the polyurethane coated PDMS using 
3 passes of plasma torch and 100 ml/min of carrier gas 
flow, and of the polyurethane film   ……………………………………… 
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Figure  6.13 Curve fitting of C1s photopeak of the uncoated, the 
polyurethane coated PDMS, and the polyurethane film 
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Figure 6.14a SEM micrographs at different magnifications of 
polyurethane coated PDMS surface. Number of 
passes: 1; precursor flow: 100 ml/h   ……………………………………. 
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Figure 6.14b SEM micrographs at different magnifications of 
polyurethane coated PDMS surface. Number of 
passes: 1; precursor flow: 1200 ml/h   ………………………………….. 
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Figure 6.14c SEM micrographs at different magnifications of 
polyurethane coated PDMS surface. Number of 
passes: 3; precursor flow: 1200 ml/h   ………………………………….. 
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Figure 6.15 SEM micrograph of the polyurethane coated PDMS 
surface. Number of passes: 3; carrier gas flow: 
1200 ml/h. EDX analysis   ……………………………………………………… 
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Figure 6.16a AFM micrographs of the polyurethane coated PDMS 
surface. Number of passes: 1; carrier gas flow: 100 ml/h   ……. 
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Figure 6.16b AFM micrographs of the polyurethane coated PDMS. 
Number of passes: 1; carrier gas flow: 1200 ml/h   ……………….. 
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Figure 6.16c AFM micrographs of the polyurethane coated PDMS. 
Number of passes: 3; carrier gas flow: 1200 ml/h   ……………….. 
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Figure 6.17 AFM micrographs profiles of the uncoated and coated 
PDMS surface with polyurethane by atmospheric plasma 
deposition using different carrier gas flows and number 
of passes   …………………………………………………………………………….. 
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Figure 6.18 Photos of the water contact angle measured on the 
polyurethane coated PDMS by using different carrier gas 
flows and number of passes   ……………………………………………….. 
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