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Resumo 

O polidimetilsiloxano (PDMS) tem atraído significativa atenção em diversas áreas de-

vido às suas excelentes propriedades, mas sua hidrofobicidade inerente apresenta desafios em 

aplicações que exigem controle da molhabilidade. Este estudo fornece uma visão abrangente 

das principais estratégias para modificar a molhabilidade das superfícies de PDMS, focando 

nos métodos tradicionais e seu impacto no ângulo de contato e outras características relaciona-

das. Quatro técnicas principais foram estudadas, sendo elas o tratamento com plasma de oxigê-

nio, a adição de surfactantes, o tratamento com UV-ozônio e a incorporação de nanomateriais, 

sendo a aplicada neste estudo a adição de surfactantes. Esses métodos são escolhidos entre os 

demais devido a sua ampla disponibilidade de literatura, menor complexidade e custo-benefício 

em comparação com técnicas mais novas. O tratamento com plasma de oxigênio melhora a 

hidrofilicidade do PDMS ao introduzir grupos funcionais polares através da oxidação. A adição 

de surfactantes possui uma abordagem versátil para alterar a molhabilidade, sendo a escolha e 

a concentração dos surfactantes fundamentais para obter as propriedades desejadas da superfí-

cie. O tratamento com UV-ozônio aumenta com eficácia a energia da superfície por meio da 

indução de oxidação e geração de grupos funcionais hidrofílicos. A incorporação de nanoma-

teriais nas matrizes de PDMS possibilita modificações promissoras na molhabilidade, permi-

tindo propriedades de superfície que são ajustáveis através da dispersão controlada e interações 

interfaciais. Os efeitos das nanopartículas e dos nanotubos melhoram significativamente o com-

portamento de molhamento e a energia da superfície. Adicionalmente, esse estudo aborda os 

desafios da recuperação hidrofóbica no PDMS, especialmente considerável para dispositivos 

microfluídicos comerciais que se tem a exigência do armazenamento e distribuição prolonga-

dos. Um estudo comparando três surfactantes não iônicos (Triton X-100, Brij L4 (BL4) e Poli-

etileno Óxido (PEO)) apresenta que a seleção de surfactantes deve considerar a eficiência, es-

tabilidade e durabilidade do comportamento hidrofílico. Diversos tipos e concentrações de sur-

factantes e a suas temperaturas de cura foram testados, revelando que 2,5% de PEO curado a 

80°C atingiu um ângulo de contato de 12,8° imediatamente após a cura. Análises de condutivi-

dade térmica indicaram que 0,5% de TX-100 a 80°C era ideal inicialmente, enquanto 2,5% de 

BL4 a 25°C apresentou melhor desempenho após três semanas. Análises estatísticas, incluindo 

o método Taguchi e a Análise Relacional de Grey, validam ainda mais a influência de vários 

parâmetros na molhabilidade e condutividade térmica. 

 

Palavras-chave: Modificação de superfícies; Hidrofilicidade; Microfluídica. 
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Abstract 

Polydimethylsiloxane (PDMS) has attracted significant attention in several areas due 

to its excellent properties, but its inherent hydrophobicity presents challenges in applications 

that require control of wettability. This study provides a comprehensive overview of the main 

strategies for modifying the wettability of PDMS surfaces, focusing on traditional methods and 

their impact on the contact angle and other related characteristics. Four main techniques are 

discussed: oxygen plasma treatment, addition of surfactants, UV-ozone treatment and incorpo-

ration of nanomaterials. These methods are chosen over the others due to their wide availability 

in the literature, lower complexity and cost-effectiveness compared to newer techniques. 

Oxygen plasma treatment improves the hydrophilicity of PDMS by introducing polar functional 

groups through oxidation. The addition of surfactants has a versatile approach to change wet-

tability, with the choice and concentration of surfactants being the key to obtain the desired 

surface properties. UV-ozone treatment effectively increases surface energy by inducing oxi-

dation and generating hydrophilic functional groups. The incorporation of nanomaterials into 

PDMS matrices enables promising modifications in wettability, allowing for surface properties 

that are adjustable through controlled dispersion and interfacial interactions. The effects of na-

noparticles and nanotubes significantly improve wetting behavior and surface energy. Additio-

nally, this study addresses the challenges of hydrophobic recovery in PDMS, especially consi-

derable for commercial microfluidic devices that require prolonged storage and distribution. A 

study comparing three non-ionic surfactants (Triton X-100, Brij L4 (BL4) and Polyethylene 

Oxide (PEO)) shows that the selection of surfactants must consider the efficiency, stability and 

durability of the hydrophilic behavior. Various types and concentrations of surfactants and their 

curing temperatures were tested, revealing that 2.5% PEO cured at 80°C reached a contact angle 

of 12.8° immediately after curing. Thermal conductivity analyses indicated that 0.5% TX-100 

at 80°C was ideal right after the cure, while 2.5% BL4 at 25°C performed better after three 

weeks. Statistical analyses, including the Taguchi method and Grey's Relational Analysis, 

further validate the influence of various parameters on wettability and thermal conductivity. 

Keywords: Surface modification; Hydrophilicity; Microfluidics. 
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Chapter 1 

Introduction 

Polymeric materials have been used since ancient times, but only natural polymeric 

materials were known and employed back then. Polymers are macromolecules composed of 

smaller structural units called monomers. Monomers are low molecular mass molecules that, 

through polymerization reactions, form the polymeric macromolecules. It was only in the 20th 

century that artificial polymerization processes began to develop, and since then, these proces-

ses have been refined to produce plastics, rubbers, and resins, thanks to increasingly sophisti-

cated molecular engineering, being widely applied in various industrial products [1]. Further-

more, the polymer industry has grown rapidly and currently surpasses the industries processing 

aluminum, copper, and other important traditional materials [2]. Within this category, elasto-

mers constitute a significant subclass. They are weakly cross-linked polymers, generally with 

a low Young's modulus, capable of withstanding large deformations and returning to their ori-

ginal shape when the stress causing the deformation is removed. Examples of elastomers in-

clude natural and synthetic rubbers, silicone elastomers, and other copolymers [3]. One elasto-

mer that has attracted significant interest is polydimethylsiloxane (PDMS), which consists of a 

mixture of fully methylated linear siloxane polymers, with structural units of the formula 

H(CH3)2SiO, stabilized by terminal units of the formula (CH3)2SiO. This material belongs to 

the group of polymeric organosilicones known as silicones. PDMS is the most widely used 

silicone based on organic polymers, presenting a clear, non-flammable, and non-toxic com-

pound [4].  

PDMS is widely used as a base for various micro and nano applications, including 

microcontact printing [5], microfluidics [6], [7], [8], [9], and microreactors [10]. Its attractive 

features, such as ease of fabrication, non-toxicity, optical transparency, low cost, and biocom-

patibility, make PDMS a highly promising material in many areas [11], [12], [13], [14]. Howe-

ver, to optimize its surface properties, such as wettability, it is very important to modify it to 

meet specific required conditions. This study focuses on modifying the wettability of PDMS, 

which is a critical aspect for applications that demand efficient interactions between materials 

and liquids. 
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Wettability, defined by the contact angle (θ), measures the adhesion between a liquid 

and a solid surface, being fundamental to understanding interactions in microfluidic systems 

[15], [16]. PDMS, which is naturally hydrophobic due to the presence of methyl groups in its 

structure, has limitations in applications that require hydrophilic surfaces, such as in certain 

medical devices, biotechnological devices, and others [17], [18], [19], [20], [21]. Given the 

need to improve the hydrophilicity of PDMS to expand its practical application, particularly in 

microfluidics, the choice of this topic is justified [22]. Improving the wettability of PDMS not 

only facilitates the handling of aqueous solutions in microchannels but can also optimize device 

fabrication processes and increase their efficiency. 

The research problem mainly lies in the intrinsic hydrophobicity of PDMS and its in-

compatibility with applications requiring hydrophilic surfaces. The possibility is that incorpo-

rating surfactants into PDMS can significantly improve its wettability without compromising 

other fundamental properties of the material.  

The utilization of polydimethylsiloxane (PDMS) is on the rise due to its attractive pro-

perties, such as flexibility, transparency, and biocompatibility, being widely employed in sec-

tors like biomedical and microtechnology. However, the intrinsic hydrophobicity of PDMS li-

mits its effectiveness in applications requiring hydrophilic surfaces, such as in microfluidic 

systems. Therefore, a detailed examination of surface modification techniques for PDMS, es-

pecially through the incorporation of surfactants, is essential to optimize these processes and 

enhance the material's functionality. With the significant growth in PDMS usage, it becomes 

imperative to study and evaluate methods to reduce its hydrophobicity, aiming for more effec-

tive and diverse applications. Considering these factors, this dissertation explores the modifi-

cation of PDMS surface wettability to broaden its potential in various technological applica-

tions. 

1.1. Goals 

The general objective of this work is to investigate and optimize the modification of 

PDMS wettability through the addition of surfactants, while the specific objectives include 
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evaluating the influence of different surfactants on the wettability and thermal conductivity of 

PDMS, as well as analyzing their practical applications. 

To achieve these objectives, methodological procedures were adopted, involving the 

preparation of PDMS samples with different concentrations and types of surfactants as well as 

curing temperatures. An orthogonal array by the Taguchi method was used for parameter com-

bination selection, followed by detailed contact angle and thermal conductivity tests on the 

produced samples. Grey Relational Analysis was also applied to integrate the results of both 

tests and thus determine the optimal sample, considering the influence of each test. 

This research enhances the knowledge of modifying polymeric materials by resear-

ching the selection and use of surfactants to enhance the hydrophilicity of PDMS in different 

applications. 

1.2. Work structure 

This work is structured into several chapters to facilitate understanding and organiza-

tion of the obtained results. The first chapter is the introduction, presenting the context, objec-

tives, and structure of the work. Then, in chapter 2, a literature review, which was transformed 

into a review article, provides an in-depth analysis of relevant studies in the literature on major 

traditional techniques for altering wettability on the PDMS surface. In the third chapter, also 

transformed into an article, the materials and methods used in the laboratory experiments are 

detailed, including the description of the materials used and the procedures for making the test 

samples. Furthermore, the results obtained, and their analysis are presented in the third chapter. 

Finally, in the last chapter, the conclusions drawn throughout the work and proposed future 

works in this area are presented. 

With this structure, it is expected to contribute to a deeper understanding of the influ-

ence of each selected parameter and level on altering wettability as well as thermal conductivity 

on the PDMS surface. This study is relevant for the advancement of materials and process op-

timization, with potential significant impact on industrial sectors
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Chapter 2 

A Review of Methods to Modify the PDMS Surface Wettability and 

their Applications 1 

 

Abstract: Polydimethylsiloxane (PDMS) has attracted great attention in various fields 

due to its excellent properties, but its inherent hydrophobicity presents challenges in 

many applications that require controlled wettability. The purpose of this review is to 

provide a comprehensive overview of some key strategies for modifying the wettabil-

ity of PDMS surfaces by providing the main traditional methods for this modification 

and the results of altering the contact angle and other characteristics associated with 

this property. Four main technologies are discussed, namely, oxygen plasma treat-

ment, surfactant addition, UV-ozone treatment, and the incorporation of nanomateri-

als, as these traditional methods are commonly selected due to the greater availability 

of information, their lower complexity compared to the new techniques, and the lower 

cost associated with them. Oxygen plasma treatment is a widely used method for im-

proving the hydrophilicity of PDMS surfaces by introducing polar functional groups 

through oxidation reactions. The addition of surfactants provides a versatile method 

for altering the wettability of PDMS, where the selection and concentration of the sur-

factant play an important role in achieving the desired surface properties. UV-ozone 

treatment is an effective method for increasing the surface energy of PDMS, inducing 

oxidation, and generating hydrophilic functional groups. Furthermore, the incorpora-

tion of nanomaterials into PDMS matrices represents a promising route for modifying 

wettability, providing adjustable surface properties through controlled dispersion and 

interfacial interactions. The synergistic effect of nanomaterials, such as nanoparticles 

and nanotubes, helps to improve wetting behaviour and surface energy. The present 

review discusses recent advances of each technique and highlights their underlying 

mechanisms, advantages, and limitations. Additionally, promising trends and future 

prospects for surface modification of PDMS are discussed, and the importance of tai-

loring wettability for applications ranging from microfluidics to biomedical devices is 

highlighted. Traditional methods are often chosen to modify the wettability of the 

PDMS surface because they have more information available in the literature, are less 

complex than new techniques, and are also less expensive. 

 
1 Neves, L. et al., 2024. A Review of Methods to Modify the PDMS Surface Wettability and their Appli-

cations. https://doi.org/10.3390/mi15060670 
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2.1. Introduction 

The silicone elastomer known as polydimethylsiloxane (PDMS) has been widely em-

ployed as the main substrate in various micro/nano applications. These include microcontact 

printing [5], microfluidics [6], [7], [8], [9], and microreactors [10], as well as in fabric coatings 

and water–oil separation [23], [24], [25], [26], [27], [28], among many other applications. This 

is due to its attractive characteristics, such as easiness of manufacturing, non-toxicity, optical 

transparency, low cost, favourable biocompatibility, elastic nature, ease to process and advan-

tageous chemical and physical properties, the malleability for moulding on (sub)micrometric 

scales, and effective adhesion to itself and to the glass [29], [30], [31], [32], [33]. However, to 

improve the surface properties of PDMS, such as wettability, it is essential to modify the mate-

rial to specific conditions. 

Wettability, defined by the contact angle (𝜃), refers to the measure of adhesion 

between a liquid and a solid surface, which performs a fundamental role in understanding the 

interactions between materials and liquids. The hydrophobicity or hydrophilicity of a surface is 

defined by the surface energy of the material. For PDMS, hydrophobicity is given by the pre-

sence of methyl groups (-CH3) in its structure, which gives it low polarity and weak interactions 

with water molecules, making it a hydrophobic surface. The presence of hydroxyl groups (-

OH) or other polar groups increases hydrophilicity, providing a stronger interaction with water 

and making the surface more hydrophilic [15], [16]. The contact angle lesser than 10° charac-

terises the surface as superhydrophilic; between 10° ≤ 𝜃 < 90° as hydrophilic, favouring the 

spread of the liquid; from 90° ≤ 𝜃 < 150° is considered hydrophobic; and greater than 150° 

defines the surface as superhydrophobic, where the droplet tends to take on a more spherical 

shape [17], [18], [19], [20], [21]. The basic model for the contact angle of an idealised solid 

surface is described by the Young equation, Equation (1) [34]: 

cos⁡(𝜃) =
𝛾SV−𝛾SL

𝛾LV
  

(

1) 

where 𝜃 is the contact angle, 𝛾SV is the interfacial tensions between solid and va-

pour, 𝛾SL is the interfacial tensions between solid and liquid, and 𝛾LV is the interfacial ten-

sions between liquid and vapour. The relation can be better visualised in Figure 1.  
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Figure 1 - Contact angle (𝜃) and interfacial tensions (γ) between the solid (S), liquid (L), and vapour (V). 

As mentioned, the Young equation is nonetheless based on an ideal surface without 

roughness. However, when roughness is considered, the contact angle is corrected by a 

roughness factor. The Wezel Theory [35] for wettability on a rough surface is demonstrated in 

Equation (2): 

cos⁡ 𝜃∗ = 𝑟cos⁡ 𝜃  
(

2) 

where 𝜃∗ is the apparent contact angle and 𝑟 is the roughness factor calculated as the 

ratio between the ideal and real surface. The equations show that an increase in roughness ma-

kes the hydrophilic surface more hydrophilic and the hydrophobic surface more hydrophobic. 

The roughness, meanwhile, has only a fractional impact on the contact angle, as well 

as on parameters such as porosity and wettability of the material. Other models, such as the 

Cassie–Baxter model (Equation (3)), can be applied specifically to hydrophobic surfaces with 

sharp edges, for example [35], [36]. 

cos 𝜃∗ = 𝑓 − 1 + 𝑟𝑓cos⁡ 𝜃  
(

3) 

where 𝑓 is the projected wet area, and 𝑟 represents the roughness factor. 

Superhydrophobic or superhydrophilic characteristics can be applied in various areas. 

Examples of the use of superhydrophobic surfaces include self-cleaning paint and acrylics that 

prevent the adhesion of dirt, improving the surface’s capacity to be cleaned by rain. These co-

atings can also be applied to avoid snow accumulation on tall structures such as antennas; in 

toilet urinals to repel urine, reducing the need for water; in paints for architectural heritage; in 

photovoltaic panels to remove dust and increase efficiency; in functional textiles with the use 

of nanoparticles; and in other diverse applications as anti-icing properties in the aerospace in-

dustry and wind blades beyond anti-fouling purpose [37], [38], [39], [40], [41]. Superhydrophi-

lic applications include self-cleaning paint and coatings that expedite the cleaning process with 

a stream of water or rain. Antifogging mirrors, glasses, and shields are useful for preventing 
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fogging caused by humidity. Additionally, antifogging bags and packaging films are employed 

to increase the water capacity to extend [42]. Other applications in heat transfer may also be 

desirable: in a two-phase heat transfer device, a superhydrophilic surface improves the ability 

of water to wet the hot area where the evaporation occurs, while a superhydrophobic surface is 

effective in repelling droplets on the cold surface formed by the condensation of vapour [38]. 

Despite the great advantages as anti-corrosion, self-cleaning, and anti-icing [43] due 

to the inherently hydrophobic characteristics, PDMS imposes limitations for certain purposes. 

For example, for applications that require contact angles between 20 and 70°, such as liquid 

lenses, it is essential to reduce the hydrophobicity of PDMS [44]. In addition, there is a limita-

tion in the use of PDMS as a biomaterial and cell adhesion on cell culture substrates [45] be-

cause of its hydrophobic nature. There is also a difficulty of specific equipment and time-con-

suming procedures, obstacles that can be manifested in surface hydrophilisation [37], [46], [47]. 

A wide range of papers were found on PDMS and its properties, specifically its wet-

tability and how to modify it, mainly by traditional methods. These traditional methods are 

often chosen to change the wettability of the PDMS surface because they have more informa-

tion available in the literature, are less complex than new techniques, and are less expensive. 

However, no research was found that objectively explained the main traditional methods of 

altering the wettability of the PDMS surface, the results of altering the contact angle, and other 

characteristics associated with this property. 

Therefore, this article presents a brief review of the main treatments and their studies 

to change the wettability of the PDMS surface, detailing the phenomena involved in the inte-

raction between the surface and the fluid, the advantages and disadvantages of using this type 

of method, and the main results achieved as well as their main applications. It also approaches 

the roughness, additives, changes in the molecular surface, and other parameters that have in-

fluence in the contact angle. The main observations on the methods and future prospects in the 

area are also addressed. 

Table 1 presents a summary of some advantages and disadvantages of the main me-

thods used for the fabrication of PDMS-based superhydrophilic/superhydrophobic coatings, as 

well as their major applications and water contact angle (WCA) changes over time. The me-

thods considered most important are further discussed. 
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Table 1 - Some advantages and disadvantages of different methods to fabricate PDMS-based superhydro-

philic/superhydrophobic coatings. 

Methods WCA (and Over Time) ≈ Advantages Disadvantages Applications Ref. 

Oxygen 

plasma 

treatment 

17°–46° (50°–115°, after 

6 h) * 

Low cost, ease 

of implementa-

tion, and com-

patibility with 

sensitive mate-

rials 

Fast hydrophobic 

recovery and lim-

itations on pene-

tration depth 

Microfluidic devices [48] 

Oxygen 

plasma 

treatment 

40°–101,17° * Improvement of poly-

dimethylsiloxane 

(PDMS) surface bio-

compatibility as the 

most used biomaterial 

in maxillofacial pros-

theses for intraoral 

defects 

[42] 

Oxygen 

plasma 

treatment 

(SRMJ) 

70° Biological cells 

adhered more 

easily to sur-

faces 

Controlling biological 

cells’ attachment on 

biocompatible poly-

mer material 

[49] 

UV-ozone 

treatment 

10°–40° (40°–95°, after 

30 days) * 

Quick process 

and room tem-

perature opera-

tion 

Temporary sur-

face modification 

and potential for 

degradation 

Microfluidic [50] 

UV-ozone 

treatment 

7°, after 240 min UV/O 

treatment 

[51] 

Surfactant 

addition 

18°–68° (Table 2) Ease of applica-

tion; immediate 

effect and ver-

satility 

Uniformity chal-

lenges and poten-

tial leaching 

Microfluidic, micro-

fluidic biomedical, 

and non-toxic antibi-

ofouling coatings 

[52] 

Incorpo-

ration of 

nanoma-

terials 

<150° Long-lasting 

modification 

and improve-

ment of mecha-

nical properties 

Dispersion chal-

lenges, ecological 

problems, and 

high costs 

Antibacterial activity 

and oil–water separa-

tion 

[53] 

Incorpo-

ration of 

nanoma-

terials 

<150° Self-cleaning, oil–

water separation, and 

flame-retardant pro-

perties 

[54] 

Incorpo-

ration of 

nanoma-

terials 

158° Oil–water separation [55] 

* Varies depending on the time of PDMS exposure to the treatment. 
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2.2. Oxygen Plasma Treatment 

The PDMS surface modification through oxygen plasma treatment stands out as a fun-

damental approach, particularly in the fast prototyping of PDMS microfluidic devices [56]. This 

process involves the introduction of polar functional groups, notably the silanol group (SiOH), 

through oxidation processes and the subsequent removal of hydrocarbon groups by surface cor-

rosion [44], [57], as demonstrated in Figure 2. These functional groups alter the surface charac-

teristics of PDMS, converting it from hydrophobic to hydrophilic. However, it is important to 

note that, on one hand, plasma-treated surfaces exhibit a recovery of hydrophobicity within 

minutes of exposure [58], particularly when subjected to bonding and heat treatment [59]. On 

the other hand, prolonged plasma treatments can cause undesirable surface cracks that compro-

mise the integrity of the device [57], [60], [61]. 

 

Figure 2 - Surface reaction of PDMS under O2 plasma treatment. 

The hydrophobic recovery of PDMS has been extensively investigated using techni-

ques such as measuring the WCA on the surface [62], scanning electron microscopy (SEM) 

[56], and X-ray photoelectron spectroscopy (XPS) [63]. Several factors play crucial roles in 

this process, including the reorientation of polar groups from the surface to the interior of the 

material, the diffusion of low molecular weight species from the bulk to the surface, and the 

condensation of hydroxyl groups [64]. In addition, the recovery rate is influenced by storage 

conditions such as temperature, humidity, and the presence of aqueous fluids and surfactants 

used to preserve PDMS devices [48], [65], [66], [67], [68], [69], [70]. Recently, several studies 

have been carried out an analysis of each of these parameters to alter the surface properties of 

PDMS, as is shown below. 

However, such techniques may present some challenges, including sophisticated and 

time-consuming mechanisms, expensive demands for vacuum apparatus and DC power supply 
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for high voltage generation, safety issues, and well-trained technicians [47]. Also, this techni-

que suffers from a short lifetime before hydrophobic recovery [57]. 

2.2.1. Principles of Oxygen Plasma Treatment and Applications of PDMS Treated 

with Oxygen Plasma 

In oxygen plasma treatment, the oxygen is ionised by the application of high voltage 

to form ions and free electrons. These reactive species, such as oxygen ions, play a key role in 

their interactions with material surfaces, facilitating chemical and physical attacks. This process 

results in the breaking of chain bonds in the PDMS molecular structure, thus introducing ox-

ygen-containing functional groups. In addition, oxygen plasma cleans surfaces, re-

moves contaminants, and increases surface energy, facilitating the adhesion of coat-

ings [71]. Precise control of the process parameters, such as exposure time, power, and gas 

composition, are essential to adapt the surface properties to the specific needs of the application 

[72]. 

The oxygen plasma chamber has a controlled environment which generally consists of 

a vacuum chamber equipped with electrodes. Oxygen gas is put into the chamber, and then an 

energy source, such as a high-frequency current, is applied to the electrodes, ionising the gas 

and thus generating a reactive plasma. This plasma interacts with the PDMS surface, causing 

chemical and physical changes. The structure of the chamber and the operating parameters, 

such as pressure, plasma power, and treatment time, are adjusted according to the application 

and to optimise the effectiveness of the modification [58]. In a study [67], this experiment was 

conducted on microchannels using an oxygen plasma reactor (Series 790, Plasma-Therm, Inc., 

St. Petersburg, FL, USA), and the results showed an improvement in the hydrophilicity of the 

PDMS surface, reducing the WCA from 120° to 17° with a 300 s treatment. 

In oxygen plasma treatment for polydimethylsiloxane modification, power, time, 

speed, and oxygen concentration are the main factors. Increasing power can exacerbate surface 

attacks, but balance is key to avoiding damage in the PDMS. Exposure time affects the intro-

duction of modification and needs to be optimised to achieve the desired properties without 

compromising the integrity of the material. Exposure speed affects the uniformity of the retou-

ching and requires precise control. Oxygen concentration determines the introduction of 
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functional groups but needs to be balanced to avoid excessive degradation [73]. Careful adjus-

tment of these parameters is crucial to obtaining the desired results when modifying the surface 

of PDMS. This technique is widely used to modify surfaces due to its ability to act on surface 

layers without deeply affecting the underlying structure. In addition, plasma is effective in ste-

rilisation and in the chemical and morphological modification of surfaces [74], [75]. 

The oxygen plasma treatment technique plays a crucial role in several areas due to its 

ability to alter the surface properties of materials. This approach finds application in a wide 

range of sectors, including microfluidic devices [60], adhesives and sealants [76], microfabri-

cation of electronic circuits [77], biomedical implants [78], packaging coatings [79], biomate-

rials [49], and chemical sensors [80], as well as in the manufacture of lenses and optics [78]. 

Oxygen plasma treatment is preferred in all these applications due to its ability to characterise 

surface properties, such as adhesion, wettability, and functionality, according to the specific 

needs of each sector. 

2.2.2. Effects of Oxygen Plasma Treatment on PDMS 

Typically, the changes resulting from plasma exposure depend on variables such as 

applied power, exposure time, and the type of precursor gas, directly affecting the properties of 

the treated surface [81]. Plasma technology offers flexibility and desirable cellular responses, 

making it a commercially viable option [82], [83], [84]. The hydrophilicity resulting from the 

formation of an oxide layer on the surface during exposure to plasma tends to decrease gradu-

ally over time, due to the migration of oligomers, molecules composed of a small number of 

monomers, which are the basic units of a macromolecule, from the interior to the surface and 

the reorientation of polar groups [58], [67], [85]. 

In a study conducted by Tan et al. [67], a simple protocol was developed to produce 

hydrophilic and usable PDMS microchannel devices. This protocol involves a second prolon-

ged oxygen plasma treatment and proper storage of the devices. The results indicated that, under 

a plasma power of 70 W, prolonged treatment of more than 5 min resulted in a PDMS surface 

maintaining the hydrophilicity for more than 6 h. In addition, storing the treated devices in 

deionised water allowed them to maintain their hydrophilicity for weeks. Analysis using atomic 

force microscopy (AFM) revealed that a longer exposure time to the oxygen plasma resulted in 
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a smoother surface. The study used six different treatment times, ranging from 100 to 500 s, 

while the plasma power remained constant at 70 W. After plasma treatment, the devices were 

immersed in deionised water to remove air bubbles and stored in a vacuum chamber for seven 

days. AFM analyses were conducted within one hour of exposure to oxygen plasma. The 

roughness analysis revealed that the oxygen plasma treatment significantly reduced the 

roughness of the PDMS surface. For example, the root mean square (RMS) roughness dropped 

from 3.6 nm to 0.9 nm after a 500 s treatment, as shown in Figure 3. In addition, the formation 

of nano-cracks during oxygen plasma treatment proved potentially beneficial, as recent studies 

suggest that these nano-cracks can be furnished with adhesive proteins, which aids in the growth 

and modulation of biological cells [86]. 

 

Figure 3 - Mean square roughness as a function of oxygen plasma treatment time. The respective AFM images 

are taken from the sample with oxygen plasma exposure of (a) 0 s, (b) 100 s, (c) 200 s, (d) 300 s, (e) 400 s, and 

(f) 500 s. Obtained from [67]. 

Figure 4 illustrates how the WCA varies over the air exposure time and, in general 

terms, how a longer plasma treatment reduces it. Untreated PDMS maintained a WCA of around 

120°. After a 100 s treatment, the WCA dropped to 46° and then returned to around 115° after 

6 h. With 200 s of treatment, the WCA dropped even further, reaching 21°, and then approached 

115° again after 6 h. For treatments longer than 300 s, the initial WCA was 17°, and after 6 h, 

it remained between 50° and 60°. This highlights how the plasma treatment time has a notable 

impact on the wettability properties of the PDMS surface [67]. 



  

14 

 

 

Figure 4 - Water contact angle (WCA) as a function of air exposure time. Obtained from [67]. 

The results indicate that storing PDMS samples in water and under a vacuum can ex-

tend the hydrophilicity for at least 7 days, due to the surface energy of the water, preventing the 

rearrangement of the silanol group (SiOH) on the channel walls. This suggests that the surface 

energy of the fluid can affect the storage time of hydrophilic PDMS devices. Furthermore, it 

should be considered that the analysis of the surface in channels cannot be directly compared 

to that of a flat surface due to the influence of channel confinement. 

Duangkanya et al. [44] presented the dependence of the oxygen plasma treatment time 

on the hydrophilicity on the surface of different thicknesses of PDMS thin films. For a thickness 

of 43 ± 1.44 µm, the initial contact angle (CA) between glycerol and the untreated PDMS film 

was around 104°; as the film was treated with oxygen plasma, it decreased to 52° at a surface 

treatment time of 24 s. As can be seen in Figure 5a–e for a thickness of 15 ± 1.17 µm, the initial 

untreated angle was 77°, and, for the process, it decreased to 15° when the surface treatment 

time was 18 s. This shows the influence of the surface treatment on the CA, and it was also 

noted that the rate of hydrophilic transformation of the thin film was much faster than that of 

the thick PDMS film. 

In the same work mentioned above, the PDMS films with a thickness of 43 ± 1.44 µm, 

without the oxygen plasma treatment time, had an average surface roughness of 38 nm and 

gradually increased to 519 nm at the oxygen plasma treatment time of 24 s (Figure 5f), contrary 

to Tan et al. [67] Similarly, PDMS films with a thickness of 15 ± 1.17 µm, without the oxygen 

plasma treatment time, had an average surface roughness of 59 nm and increased exponentially 

to 606 nm at the 24 s oxygen plasma treatment time. 
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The CA, in general, is inversely related to the roughness of the film, especially when 

it comes to hydrophilic surfaces, where the apparent CA is less than 90° [87]. Figure 5g illus-

trates how the CA decreased more slowly for thick PDMS films during a 24 s plasma treatment 

period. For thinner films, this decrease occurs more quickly. 

 

Figure 5 - The contact angle between the glycerol drop and the PDMS film with a thickness of 15 ± 1.17 μm 

without oxygen plasma treatment (a) and with oxygen plasma treatment times of 6 s (b), 12 s (c), 18 s (d), and 

24 s (e). Average roughness of PDMS thin films at thicknesses of 43 ± 1.44 µm and 15 ± 1.17 µm (f). Glycerol 

contact angles on PDMS films with different plasma treatment times (g). Adapted from [44]. 

An innovative approach to surface modification with plasma [83], employed a scan-

ning radical microjet (SRMJ) with a microplasma of 𝑂2 to control the adhesion of biological 

cells. The used technique has several advantages, such as higher rates of surface modification 

while minimising damage compared to conventional plasma exposure. Furthermore, the addi-

tional scanning speeds contribute to improving the hydrophilicity of the surface and significan-

tly reducing roughness. However, in agreement with Duangkanya et al. [44], the average 

roughness values (𝑅𝑎) and root mean square (𝑅MS) show a gradual increase in their values as 

oxygen flow rates increase [83]. 

Figure 6 displays the effects of oxygen flow rates on WCA on PDMS surfaces treated 

by SRMJ. As the oxygen flow rate increased from 20 to 40 ccm, there was a gradual reduction 

in the minimum angle (θ min) from 83° to around 69°. However, as the oxygen flow rate con-

tinued to increase, from 40 ccm to 110 ccm, the hydrophilicity of the PDMS surface stabilised, 

resulting in a practically constant WCA. 
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Figure 6 - Relationship between minimum contact angle, θ min, and width of treated line, W, for different oxy-

gen flow rates. Adapted from [83]. 

The AFM observation results in this study demonstrated that biological cells attach 

more easily when the surface roughness values are higher. Tan et al. [83] also stated that al-

though the result can be attributed to the presence of stronger cell–surface interactions on rough 

surfaces, it is essential to conduct further studies to clarify the cause-and-effect relationship 

between surface roughness and cell adhesion at the nanometric level. 

Amerian et al. [47] exposed PDMS samples to plasma in a cylindrical reactor contai-

ning 𝑂2 gas with variable plasma exposure times of 0.5 min, 2.5 min, and 5 min for analysis, 

keeping the other factors constant. The WCA of the PDMS strips for samples with only 30 s of 

plasma exposure decreased from 117.9° to around 101.17°, then changed to 87.18° after 2.5 

min, and after 5 min, the WCA dropped to 40°. 

The results of the study revealed that the roughness of the PDMS surface increases 

with the plasma exposure time interval, according to Figure 7. The authors also reported that 

the PDMS films used in this study tended to crack after long plasma exposure times. 
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Figure 7 - AFM images: (a) untreated, (b) sample a (0.5 min), (c) sample b (2.5 min), and (d) sample c (5 min). 

AFM, atomic force microscopy. Adapted from [47]. 
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2.3. UV-Ozone Treatment 

In this section, UV-ozone treatment in order to modify the surface energy and incor-

porate polar groups is discussed, since UV irradiation in combination with ozone has been wi-

dely employed for these purposes [50], [88], [89], [90]. 

According to Berdichevsky et al., the combination of UV light and ozone proved to be 

effective in modifying the wettability of PDMS [51], with results comparable to oxygen plasma 

treatment, but at a slower rate [91], allowing for a precise control of wettability. For example, 

the oxygen plasma process of 400 W at 10 mTorr for 1 min resulted in a WCA of less than 10° 

[92], while UV ozone treatment required approximately 1 h to achieve a similar WCA, e.g., 

[91], [93]. 

Polydimethylsiloxane, when subjected to UV-ozone treatment, results in the oxidation 

of the chains on the surface in more internal layers in the PDMS, free of cracks, in contrast to 

the approach using oxygen plasma [94], [95]. One study described the use of UV/ozone trea-

tment in the production of microfluidic devices [51]. In particular, they explored the mass con-

version of PDMS by means of deep penetration, as well as the complete oxidation of thick 

membranes by means of UV-ozone treatment [52], [96]. 

The restoration of hydrophobicity in this study was noted on surfaces treated with RF 

oxygen plasma and bulk PDMS subjected to UV-ozone over 1 to 2 days. Similarly, the mem-

brane treated for 60 min exhibited an analogous behaviour, while the membrane treated for 120 

min, according to the authors, remained hydrophilic for more than 3 months, although Figure 8 

only shows experimental points of approximately up to 21 days. The discrepancy in the results 

is attributed to the hydrophobic recovery mechanism, indicating the significant influence of the 

diffusion of low molecular weight PDMS chains. The rapid recovery after UV-ozone treatment 

is explained by the high diffusivity of the PDMS chains in the oxidised layer, while the slower 

recovery after UV-ozone treatment compared to RF oxygen plasma is associated with the gre-

ater thickness of the modified layer [97], [98]. 
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Figure 8 - Contact angles versus time (logarithmic scale). Symbols: (•) PDMS membrane treated with UV-ozone 
for 60 min of 14 μm; (⧫) bulk PDMS treated with RF oxygen plasma for 1 min; (▴) treated with UV-ozone for 
30 min the bulk PDMS; and (■) 120 min UV-ozone exposure of the 14 μm PDMS membrane. Obtained from 

[51]. 

Ma et al. [94] produced microfluidic devices with standard soft lithography techniques. 

The effects of curing time on surface modification by UV-ozone was presented where thermal 

curing eliminates low molecular weight species in PDMS, reducing hydrophobic recovery post 

plasma treatment. Additional curing time accelerates the surface hydrophilisation of PDMS. 

According to Figure 9, for a fixed curing temperature of 80°C, in the first 60 min after 

UV-ozone treatment, there was a small discrepancy in the WCA for PDMS cured at different 

times, except for 60 min. However, notable differences emerged after 1 h of UV-ozone expo-

sure, indicating that PDMS pieces with longer curing times show faster surface hydrophilisa-

tion. The maintenance of wettability by immersion in water was also analysed, where initially 

there was a reduction in the WCA with water for all PDMS parts, suggesting water absorption 

by the PDMS matrix. 

 

Figure 9 - The effect of curing time on the surface hydrophilisation process of PDMS at 80°C. Obtained from 

[94]. 
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Oláh et al. [99] carried out a study focusing on the Johnson–Kendall–Roberts (JKR) 

contact mechanics methodology to investigate PDMS samples before and after surface trea-

tment with UV-ozone. With increasing exposure to UV-ozone, the gradual formation of a 

hydrophilic surface layer similar to silica was observed below 20° WCA (Figure 10). Subse-

quently, there was a hydrophobic recovery evidenced by the increase in WCA (Figure 11). This 

phenomenon supports the hypothesis that hydrophobic recovery results, mainly from the pro-

gressive coverage of a permanent silica-like structure with free siloxanes and/or reorientation 

of polar groups. 

 

Figure 10- Water contact angles as a function of UV-ozone exposure time. (a) Sylgard 184, and (b) Sylgard 170. 

(□) Advancing and (▴) receding contact angles. The error bars indicate the standard deviation, and the dashed 

and solid lines serve to guide the eye only. Obtained from [99]. 
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Figure 11 - Hydrophobic recovery of PDMS after 10–120 min exposure to UV-ozone: (a) Sylgard 184, (b) Syl-

gard 170. The dotted lines indicate the values of the initial advancing (θa) and receding contact angles (θr). 

Empty symbols: advancing contact angles, filled symbols: receding contact angles. Diamond: 10 min exposure; 

triangle: 30 min exposure; square: 60 min exposure. The horizontal, dashed lines indicate advancing and reced-

ing contact angles, respectively, of untreated PDMS. Obtained from [99]. 

The same study [99] showed that on PDMS with homogeneously dispersed filler (Syl-

gard 184), the surface roughness decreased as the oxidised region “collapsed” to form a smooth 

SiO x layer (final roughness < 2 nm). On the other hand, on PDMS with heterogeneously aggre-

gated filler particles (Sylgard 170), the surface roughness increased with the treatment dose due 

to the “collapse” of the oxidised region, exposing the contours of the underlying filler aggrega-

tes (final roughness ≈140 nm). The effect of UV-ozone treatment on surface roughness varied 

between Sylgard 184 and 170, due to differences in filler content and type. Atomic force mi-

croscopy revealed that Sylgard 184 has smooth, homogeneous surfaces, with the root mean 

square of the roughness decreasing from 4.0 ± 0.4 to 1.9 ± 0.2 nm after exposure of 20 × 20 

μm². This pattern is consistent with previous observations by Vasilets et al. [50] on PDMS 

exposed to UV-ozone. On the other hand, Sylgard 170 exhibited a rougher initial morphology, 

with a roughness of 24 ± 1.2 nm, and roughness values increasing with exposure time, probably 

due to the higher filler content [99]. 
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2.4. Surfactant Addition 

Several wettability modification methods have limitations, such as restricted chemical 

stability and complexity in microfluidic channels [100]. Problems such as surface cracking, 

increased roughness, and loss of elasticity occur in some modifications, limiting the usefulness 

of PDMS surfaces [101], [102]. To overcome these challenges, one of the possibilities is to use 

silicone-based molecules as direct functionalisation agents, preserving the natural characteris-

tics of elastomers. Wetting agents, surfactants that usually consist of hydrophobic and 

hydrophilic portions, are widely recognised as useful substances for facilitating the dispersion 

of aqueous solutions on surfaces that are naturally hydrophobic [103], [104]. The main surface 

modification methods analysed in this section are modification by bulk mixing and immersion 

in a solution. 

2.4.1. Effects of Surface Coating Treatment with Surfactants on PDMS 

Fatona et al. [100] developed an innovative approach to functionalise PDMS 

in a single step, using standardised moulds to define the surface areas to be modified, 

with functionalisation taking place during the vulcanisation of the PDMS. This method 

allowed for the creation of matrices in which ionic and non-ionic surfactants were ap-

plied to the surface of the elastomer during the curing process. This resulted in the spatial 

organisation of charged and uncharged alkyl/polymer chains in the PDMS. 

In their experiment, seven tested surfactants led to hydrophilic surfaces after one-step 

mould modification, with significantly lower WCA than unmodified PDMS (109°). The stabi-

lity of the hydrophilicity of the modified surfaces and the intensity of the interactions between 

the PDMS and the surfactants were evaluated by immersing the treated PDMS surfaces in high-

purity water (18.2 MΩ) for 20 h. It was observed that, in most cases, immersion of the treated 

surfaces resulted in a significant change in the WCA. As expected, the interactions between the  

PDMS and the ionic surfactants proved to be weak, since these surfactants were sol-

vated when the modified surfaces came in contact with water. 
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The influence of temperature on the hydrophilicity of the triblock copolymer and 

PDMS surfaces treated with Silsurf was also examined. After treatment, the modified surfaces 

were immersed in water for two hours, dried with nitrogen, and then incubated at different 

temperatures for one hour before the surface WCA was evaluated [100]. 

Table 2 represents a summary of the changes in WCA as a function of the addition of 

the seven surfactants, such as WCA measurements of surfactant functionalised PDMS surfaces; 

measurements performed on PDMS surfaces as prepared before soaking, after soaking, and 

after 11 days of storage in air; quantification of WCA measurements for all surfactant-modified 

PDMS surfaces; and quantification of WCA measurements for surfactant-modified PDMS sur-

faces at different temperatures, performed in the study mentioned above. 

Table 2 - Representation of the wettability of PDMS surfaces functionalised with each surfactant molecule, 

based on the work of Fatona et al. [100]. 

* Poly(ethyleneglycol)-silicone-poly(ethyleneglycol) (PEG-PDMS-PEG) non-ionic triblock copolymers with 
terminal functionalities. 

Based on the results provided in Table 2, it can be seen that the morphology of the 

treated surfaces varied, including opaque and roughened surfaces, smooth surfaces with depres-

sions of various sizes, and surfaces with small dimples. Tween 20 exhibited complete WCA 

reversal post-soaking and had the smoothest and clearest surfaces with the lowest roughness. 

Silsurf A008-UP showed complete WCA reversal post-soaking and optically clear surfaces 

Surfactant 

WCA (Be-

fore Soa-

king) 

WCA (Af-

ter Soa-

king) 

WCA (Af-

ter 11 Days 

or More) 

WCA 

(21°C) 

WCA 

(60°C) 

WCA 

(80°C) 

WCA 

(100°C) 
Chemical Structure  

Morphology before 

Soaking 

Unmodified 

PDMS  
109° - - - - - - (-Si(CH₃)₂-O-)n - 

Sodium dodecyl 

sulphate (SDS) 
57° 114° - - - - - 

CH₃(CH₂)₁₁OSO₃N

a 

Opaque and roughe-

ned surfaces 

Cetyl tri-

methylammonium 

bromide (CTAB) 

38° 106° - - - - - C₁₆H₃₃N(CH₃)₃Br 
Opaque and roughe-

ned surfaces 

Tween 20 39° 91° 
Complete 

reversal 
- - - - 

CH₃(CH₂)₁₈(OCH₂

CH₂)nOH 

Optically clear and lo-

west surface 

roughness  

Silsurf A008-UP 20° 63° 
Complete 

reversal 
≈40° ≈49° ≈67° ≈68° - 

Optically clear and 

surfaces presenting 

small dimples 

* Alkyl (o-Wet) 43° 36° - ≈40° ≈48° ≈53° ≈68° 
(PEG) − (PDMS) − 

(PEG) − (Alkyl) 

Smooth surfaces with 

depressions (microns 

wide) 

* Siloxane (n-

Wet) 
47° 27° - ≈38° ≈36° ≈38° ≈40° 

(PEG) − (PDMS) − 

(PEG) − (Si-O) 

Smooth surfaces with 

depressions (sub-mi-

cron wide) 

* Siloxane (a-

Wet) {has a more 

highly branched 

siloxane} 

22° 25° 40° ≈21° ≈18° ≈19° ≈19° 

(PEG)−(PDMS)− 

(PEG)−(Si-O) 

branched 

- 
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with small dimples. Alkyl (o-Wet)-treated surfaces had micrometre-wide depressions, while 

siloxane (n-Wet)-treated surfaces had sub-micrometre-wide depressions. Siloxane (a-Wet) de-

monstrated a post-soaking WCA change and displayed a specific morphology with more highly 

branched siloxane. 

Seo et al. [105] modified the surface of PDMS using the non-ionic surfactant Triton 

X- 100, varying its concentration, making it hydrophilic. As observed in Figure 12, in the 

PDMS groups modified with more than 1% TX-100 (group B), the WCA began to decrease in 

a matter of seconds. On the other hand, in the PDMS group with a concentration of less than 

0.5% (group A), there was a delay before the change in WCA began. Compared to the gradual 

change in the WCA of the unmodified PDMS, the modified PDMS showed a sudden change, 

directly proportional to the concentration of TX-100 in the material. For example, within 150 

s, the WCA decreased to 70° on PDMS with 3% TX-100. 

 

Figure 12 - Dynamic contact angle measurements on six different modified PDMS surfaces; the contact angle 

change shows two different phases consisting of a large initial change and a subsequent gradual change. Adapted 

from [105]. 

Immersed pairs of 3% PDMS TX-100 and unmodified PDMS substrates in deionised 

water for 45 min, 24 h, and 18 days shown are in Figure 13. WCA measurements were made 

after each surface was dried with dry nitrogen gas for 2 min after immersion. 
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Figure 13 - Contact angle measurement before and after immersion. The contact angles were measured right af-

ter immersion. For 45 min to 18 days of immersion in water, the wettability of PDMS decreased. Surfactant de-

pletion by solvent immersion is a useful technique to control the wettability of the modified PDMS. Adapted 

from [105]. 

The results indicated that the accumulation of surfactant at the interface between the 

modified PDMS and a drop of water caused a substantial change in the WCA in the initial 

phase. In addition, the reduction of surfactant through immersion in solvent represents a second 

strategy to control the wettability of the modified PDMS, complementing the initial control of 

the TX-100 concentration in the PDMS. In addition, it was shown that the WCA after 7 days 

did not show much difference, proving good durability [105]. 

Nam and Yoon [106] performed an experiment using surface/bulk treatment separately 

and also together, with the formation of a 3D interconnected pore network and the addition of 

a biocompatible surfactant (Silwet L-77). Porous PDMS (p-PDMS) was made into a 3D inter-

connected pore network with different pore sizes of 92.15, 176.78, 355.45, 634.40, and no pore 

(μm). The surfactant-added PDMS (s-PDMS) in which Silwet L-77 was added in different con-

centrations of 0.0, 0.1, 0.5, 1.0, 2.0, 4.0, and 8.0% by weight, and porous PDMS with added 

surfactant (ps-PDMS) with various pore sizes from 92.15 to no pores (μm), with various con-

centrations of Silwet L-77 from 0.0 to 8.0% by weight. 

The results presented in this study reveal that the higher the percentage of Silwet L-77 

surfactant, the lower the WCA. It was also noted that the smaller the pore sizes, the more 

hydrophobic the material became. There was a combined effect on the bonding of the two. 

Another study with the surfactant Silwet L-77 by Montazeri et al. [107] where the 

concentration of 0, 0.2, 0.5, and 0.8% by weight of surfactant was altered, also by modification 
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by Bulk mixing, showed a decrease in the WCA as the concentration of Silwet L-77 increased, 

as shown in Figure 14. 

 

Figure 14 - Contact angles of the water droplets on the surface of surfactant-added PDMS. (a) Wettability profile 

of poly(dimethylsiloxane) (PDMS) with different concentrations of surfactant (Silwet L-77) after 10 min. (b) 

Kinetics of PDMS–Silwet L-77 (0.5%) wettability during 10 min. Obtained from [107]. 

Soriano-Jerez et al. [108] selected seven different commercial PDMS-PEG copolymer 

non-ionic surfactants, namely, CMS-626, DBE-224, DBE-311, DBE-814, DBE-821, DBE-

C25, and DOWSIL™ OFX-0400. The coatings were prepared by mechanically mixing Sylgard 

184™ (base: curing agent 10:1 w/w) with 4% surfactant by weight. The WCA was measured 

for 10 min, as shown in Figure 15. Their results confirmed other studies, previously presented, 

where the WCA decreased over time, making the surface hydrophilic. 
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Figure 15 - Kinetics of water contact angle (θw) with time for each surfactant-based PDMS coating and for sur-

factant-free PDMS coating, using 120 μm thickness coatings. The shaded area represents the standard deviation 

of contact angle measurements. Obtained from [108]. 

The most effective coatings, such as those based on DBE-311 and DBE-814, showed 

a rapid change in the WCA over time, indicating a low adsorption of bovine serum albumin 

(BSA). This was also observed to a lesser degree in the DOWSIL™ OFX-0400 fluid and DBE-

224-based PDMS coatings. High-performance surfactants tend to have shorter induction times, 

associated with a faster reduction in surface tension. Molecules with smaller surface areas and 

branched-chain surfactants showed a faster reduction in surface tension. Surfactants such as 

DBE-821 or CMS-626, with a high PEG content, should also have short induction times, but 

this was not evident in the WCA measurements. 

Table 3 summarises the interactions between various surfactants and PDMS surfaces 

by categorising surfactants by their binding type (ionic or non-ionic), estimating bond strength 

and stability. The table highlights the prevalence of non-ionic surfactants interacting with 

PDMS through a combination of hydrogen bonding and hydrophobic interactions. While bond 

strength and stability are generally classified as moderate and medium-term for most entries, 

specific details regarding these properties require further investigation for several surfactants. 

Overall, the table provides a valuable overview of surfactant–PDMS interactions, but further 

studies are needed to explore the detailed binding mechanisms, the impact of surfactant struc-

ture, and the long-term stability of these modified surfaces. Additionally, application-specific 

optimisation remains an area for future research to tailor surfactant selection for specific func-

tionalities. 
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Table 3 - Surfactant–PDMS interactions: binding type, strength, and stability. 

Surfactant Binding Type Bond Strength 
Bond Stabi-

lity 
Notes References 

Sodium dodecyl 

sulphate (SDS) 
Ionic Strong Long-term 

Bond strength and stability may vary 

depending on concentration and 

chain length. 

[109] 

Cetyl tri-

methylammo-

nium bromide 

(CTAB) 

Ionic (similar to SDS) Strong Long-term 

Specific information on binding 

type, strength, and stability may re-

quire further research or data from 

the supplier. 

[110] 

Tween 20 

Non-ionic (hydrogen 

bonding, hydrophobic 

interactions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may vary 

depending on the specific alkyl sur-

factant. 

[111] 

Silsurf A008-UP 

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may vary 

depending on the specific siloxane 

surfactant. 

[112] 

* Alkyl (o-Wet) 
Non-ionic (hydropho-

bic interactions) 
Moderate 

Medium-

term 

Specific information on binding 

type, strength, and stability may vary 

depending on the specific siloxane 

surfactant. 

[113] 

* Siloxane (n-

Wet) 

Non-ionic (hydropho-

bic interactions, Van 

der Waals forces) 

Moderate 
Medium-

term 

Bond strength and stability may vary 

depending on concentration and tem-

perature. 

[114] 

Siloxane (a-

Wet) 

Non-ionic (hydropho-

bic interactions, Van 

der Waals forces) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[115] 

Triton X- 100 

Non-ionic (hydrogen 

bonding, hydrophobic 

interactions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[115] 

Silwet L-77 

Non-ionic (hydropho-

bic interactions, Van 

der Waals forces) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[107] 

CMS-626 

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[108] 

DBE-224 

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[108] 

DBE-311 

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[108] 

DBE-814 

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[108] 

DBE-821 

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research or data from 

the supplier. 

[108] 

DBE-C25  

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research. 

[108] 
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DOWSIL™ 

OFX-0400 

Non-ionic (likely 

hydrogen bonding, 

hydrophobic interac-

tions) 

Moderate 
Medium-

term 

Specific information on binding 

type, strength, and stability may re-

quire further research or data from 

the supplier. 

[108] 

2.4.2. Applications of Surfactant-Treated PDMS 

The in-mould functionalisation strategy is used to produce self-driven microfluidic 

devices with stable flow rates, adjustable by the geometry of the device. The in-mould method 

has potential for various surface modifications in applications such as analytical separations, 

biosensing, cell isolation, and small molecule discovery [100]. Likewise, it is attractive in mi-

cro/nano biomedical applications [105], [116], [117]. 

It has been observed that wettability depends on the chemical structure of the surfac-

tants and their concentration. A disadvantage of using a wetting agent to improve wettability is 

the potential to undesirably influence the composition of the solution. Therefore, very low con-

centrations of the wetting agent are often used, which can be complicated when limited quanti-

ties of the target solution are available. In this context, the controlled and gradual release of a 

wetting agent from the base material of a micro/nano device is preferable to the direct addition 

to the solution [118], [119]. 
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2.5. Incorporation of Nanomaterials 

There are several reasons for using nanomaterials to modify the wettability of PDMS. 

Firstly, the intrinsic hydrophobic characteristic of PDMS, stemming from its siloxane structure, 

can restrict its application in certain contexts that require hydrophilic surfaces. A versatile ap-

proach to overcoming these limitations is offered by the incorporation of nanomaterials, which 

allows the wettability properties to be tailored to the specific needs of the application [120], 

[121]. 

When added to PDMS, nanomaterials can considerably modify the interactions at the 

solid–liquid interface, which directly affects the wettability of the surface. Specific characteris-

tics, such as controlled roughness, can be caused by the nanotopography resulting from the 

presence of these materials and affecting the interaction between PDMS and liquids. These 

adjustments to the surface morphology can cause alterations to the contact angle and therefore 

to the wettability in its entirety [78], [122], [123]. 

The underlying principles in this wettability modification include the interaction 

between the specific properties introduced by the nanocomponents and the PDMS surface. The 

presence of these factors in the stability and durability of wettability changes caused by nano-

materials is attested to in the scientific literature [39], [53], [54], [55]. 

This session aims to provide an understanding of the results obtained in research where 

nanomaterials have been used to alter the wettability of the PDMS surface by examining the 

most recent studies in this field. 

The work of Wen et al. [124] addressed the production of fluorine-free superhydropho-

bic coatings applied to cotton fabrics. This process involved the use of silver nanoparticles (Ag), 

combined with the graft polymerisation technique and the application of PDMS to the fabric. 

During the manufacture of the coating, the surface of the cotton fabric was initially grafted with 

polyglycidyl methacrylate (PGMA) and functionalised with diethylenetriamine (DETA). Sub-

sequently, silver nanoparticles were immobilised, followed by coating with PDMS (5% by mass 

of PDMS in ethyl acetate), resulting in a superhydrophobic coating on the cotton fabric. 

The coated cotton fabric showed a good superhydrophobic capacity, with a WCA of 

155° ± 1.5°. This characteristic was achieved by effectively combining PDMS with silver na-

noparticles (Ag), which played the role of hydrophobic agents, decreasing the surface energy 

of the fabric and promoting robust adhesion of the nanoparticles to increase surface roughness. 

In addition, the durability of the coating was assessed at different pH levels and through a 



  

31 

 

weight abrasion method with more than 200 cycles. The results highlighted the remarkable 

strength and durability of the coating, maintaining superhydrophobicity with a WCA of over 

150° in both acidic and alkaline environments [124]. 

Barthwal et al. [125] developed fluorine-free superhydrophobic coatings on copper 

mesh using PDMS in conjunction with a multi-walled carbon nanotube/zinc oxide (MWC-

NTs/ZnO) composite, using dip-coating techniques. In this study, the sol–gel technique was 

used to synthesise the MWCNTs/ZnO composite. It is noteworthy that the mesh coated with 

2.5% by weight of the MWCNTs/ZnO composite exhibited greater superhydrophobicity, with 

a WCA of 156° and a sliding angle of 4°, compared to the coatings containing 1% by weight 

(151°) and 5% by weight (145°) of the composite, as illustrated in Figure 16. 

The superhydrophobicity manifested by the copper mesh is the result of the presence 

of hierarchical micro/nanostructures, giving the coated surface greater roughness. Additionally, 

it was observed that the PDMS-based coating on the copper mesh preserves its superhydropho-

bic characteristic in the face of various unfavourable environmental conditions. This includes 

extreme temperature variations; exposure to corrosive environments, such as a 3.5% by weight 

NaCl solution; and resistance to strongly acidic/alkaline solutions. This ability to maintain su-

perhydrophobicity highlights the robustness and adaptability of the coating proposed by the 

research in question [125]. 

 

Figure 16 - Pictures of water droplets on the (a) untreated and (b) superhydrophobic Cu mesh (modified with 

2.5 wt% composite coating), with corresponding WCAs. (c,e) The photo and WCAs of various liquid droplets on 

the coated mesh, respectively. (d) The change in the WCA of the prepared surfaces as a function of the content 

of MWCNTs in the composite coatings. Obtained from [125]. 

Sadler and Crick [126] developed an affordable and direct superhydrophobic filtration 

method by applying a PDMS coating to glass microfiber filters. This approach aimed to separate 
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oils from water both through suction pressure and under the influence of gravity. The average 

WCA of the PDMS-coated filter was determined to be 158 ± 3°, in contrast to the 95° observed 

on the flat PDMS surface. This significant difference can be attributed to the rough morphology 

induced by the filters, combined with the presence of PDMS as a low-surface-energy agent. 
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2.6. Modification of PDMS Surface Wettability for Microfluidic Applications 

Given the growing use of treatments to modify the wettability of the PDMS surface 

for microfluidic applications, additional successful studies are described below, addressing the 

different methods mentioned in this review. PDMS’s non-toxic, biocompatible, stable, and fle-

xible properties make it a well-known material used in microfluidics. However, its inherent 

hydrophobicity presents challenges in fluid handling applications, as previously discussed. Va-

rious surface treatment methods have been studied to improve the wettability of PDMS, inclu-

ding gas-phase processing techniques such as oxygen plasma [127], [128], [129] and UV irra-

diation [40], as well as chemical methods such as LBL deposition [40] and others. Modification 

with surfactants has emerged as a promising approach to long-term hydrophilicity, offering 

simplicity and effectiveness without the need for complex procedures [130], [131]. 

Long et al. [129] performed a surface modification of PDMS material by oxygen 

plasma, followed by PEG coating, for hydrophilic enhancement on pure PDMS. By using rho-

damine droplets, it was tested in a capillary-driven microfluidic device. From Figure 17, it is 

clear that at 8 s, the Rhodamine B fluid was halfway through the channel, and at 13 s, the 

channels were completely filled. With untreated PDMS, no flow was observed at least during 

the first 60. This method has shown long-term hydrophilic surface modification as the fluid 

could flow without external pumping for a period of 420 h. 
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0 s 

 

8 s 

 

13 s 

Figure 17 - Schematic diagram of a capillary test on PDMS after 420 h of treatment by O2-

plasma-PEG based on the work of Long et al. [129]. The images make it clear that at 8 s the 

Rhodamine B fluid was halfway through the channel and at 13 s the channels were com-

pletely filled. With untreated PDMS, no flow was observed at least during the first 60 s. 

 

Peterson et al. [128] tested native and oxidised PDMS coatings (ox-PDMS) as bio-

compatible coatings for microfluidic devices. Glass-silicon microfluidic devices coated with 

hydrophilic ox-PDMS had an undisturbed flow rate over 14 min of operation, while the unco-

ated device suffered a loss in rate of 12%, and the native PDMS coating showed a loss of almost 

40%. 

By using surfactants to modify the surface of PDMS, Holczer et al. [132] carried out 

a controlled modification to develop an autonomous capillary-driven microfluidic system to be 

applied to bioanalytical devices. Vilčáková et al. [133] realised four types of CNT-based com-

posites of various concentrations from 0 to 6% by volume of surfactants: anionic surfactant 

dodecylbenzene sulphonic acid (DBSA), cationic surfactant cetyltrimethylammonium bromide 

(CTAB), and a DBSA/CTAB surfactant mixture, which were prepared by simple mechanical 

mixing and sonication, leading to a homogeneous distribution of a filler in a silicone matrix. 

Wu and Hjort [134] introduced a non-ionic surfactant, Pluronic F127, into the PDMS 

pre-polymer before curing. By filling the microchannel with water, the Pluronic F127 molecu-

les incorporated into the PDMS migrated towards the water/PDMS interface to minimise sur-

face energy. This phenomenon resulted in a hydrophobic interaction between the PPO and 
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PDMS segments, causing the hydrophilic PEO segments to extend outwards from the surface. 

The CA of the PDMS surface modified by Pluronic F127 changed from 99 to 63° after the 

sample was immersed in water for 24 h, compared to a CA of 104° for the native PDMS. 

Recently Gonçalves et al. [135] modified the PDMS surface properties by using three 

different surfactants, i.e., Pluronic® F127, polyethylene glycol (PEG), and polyethylene oxide 

(PEO). In this study, they found that the bulk modification performed with the PEO surfactant 

at 2.5% was the most promising candidate to enhance blood plasma separation efficiency in 

microfluidic devices, as it facilitates the fluid flow, reduces cell aggregations and air bubble 

trapping, and achieves higher levels of sample purity. 
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2.7. Promising Trends and Future Prospects 

After reviewing previous techniques, it can be seen that they had some limitations, 

such as the reduction in long-term efficacy for surfactant addition, the lack of precise control 

over plasma parameters for oxygen plasma treatment, non-uniformity, and lack of depth and 

degradation in the material to prolonged exposure to radiation in UV-ozone treatment. The 

challenges of guaranteeing uniform and stable dispersion of the nanomaterials in the PDMS 

matrix were also addressed, as well as concerns related to their toxicity and compatibility in 

biological applications. However, new techniques have emerged to overcome some of these 

shortcomings, as well as the combination of different methods to take advantage of the indivi-

dual benefits of each one. 

One of the emerging trends for modifying the surface of PDMS is surface nanotextu-

risation, which involves creating nanostructured patterns on the surface. These patterns can be 

achieved using techniques such as electron beam lithography, nanoimprint lithography, and 

nanoimprinting techniques [123], [136]. Nanotexturisation can increase the surface area avai-

lable for interactions with water, resulting in greater hydrophilicity, and it also provides greater 

durability, precise control over surface characteristics, and biological compatibility. However, 

this process is more costly for small-scale production, despite being interesting on an industrial 

scale [137]. 

Another promising approach is the deposition of thin films of nanomaterials, such as 

metal oxides [138] or conductive polymers [139], on the PDMS surface. These films can be 

deposited using techniques such as sputtering [140], chemical vapour deposition (CVD), [139] 

or dipping techniques [141]. This technique has better uniformity and compatibility with ma-

nufacturing processes as it is versatile and compatible with a variety of manufacturing proces-

ses, and also it has a wide range of materials, providing greater flexibility in the choice of ma-

terials to meet the specific demands of each application. 

As work progresses, it is likely, based on current studies, that there will be greater 

integration of multiple PDMS surface modification techniques. This may involve combinations 

of the traditional techniques that were discussed throughout the article, as well as new techni-

ques such as nanotexturisation and thin film deposition, to achieve optimal combinations and 

enhance the desired properties of the material, seeking not only the optimisation of hydrophili-

city but also to control other important properties such as biocompatibility, chemical resistance, 

and durability. However, a major disadvantage of this approach, when compared to traditional 
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methods of modifying wettability on the surface of PDMS, is the complexity and cost associated 

with the process. 
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2.8. Conclusions 

This comprehensive review of the surface wettability of polydimethylsiloxane descri-

bes the importance and complexity of surface modification techniques for altering the inherent 

hydrophobicity of PDMS. The four main strategies, namely, oxygen plasma treatment, the ad-

dition of surfactants, UV-ozone treatment, and the incorporation of nanomaterials, are the tra-

ditional methods most used to modify the wettability of the PDMS surface due to the greater 

availability of information, having lower complexity compared to the new techniques and lower 

cost associated with them. This has highlighted the difference in methods that can be used to 

adapt PDMS surface properties to specific applications. Each of the techniques has its advan-

tages and challenges. For example, oxygen plasma treatment has become an important method 

for increasing the hydrophilicity of the surface by introducing polar functional groups through 

oxidation reactions. The addition of surfactants, on the other hand, provides versatility for alte-

ring wettability, with the choice and concentration of the type and quantity of surfactant being 

decisive for achieving the desired surface properties. UV-ozone treatment stands out for its 

effectiveness in increasing surface energy, inducing oxidation and also generating hydrophilic 

functional groups. Finally, the incorporation of nanomaterials into PDMS matrices appears to 

be a promising technique for altering wettability, with the option of having adaptable surface 

properties through controlled distribution and interfacial interactions. In future works, the com-

bination of these techniques has great potential to satisfy the future needs of various domains, 

as well as the use of new techniques that are emerging on the market, which will be increasingly 

explored and consequently have a lower cost and less complexity. 
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Chapter 3 

Optimization of PDMS Hydrophobicity and Thermal Conductivity 

Analysis in Microfluidic Devices: Comparison of Non-Ionic Surfac-

tants 
2 

Abstract: The extensive use of polydimethylsiloxane (PDMS) in microfluidic devices 

is due to its remarkable characteristics. Although it possesses advantageous physical and chem-

ical properties, its hydrophobic nature presents a challenge when pumping aqueous solutions 

through microchannels using only capillary forces. Several approaches have been proposed to 

make PDMS more hydrophilic; however, many face the problem of hydrophobic recovery after 

a relatively short period, while most commercial devices require long periods of storage and 

distribution. The addition of surfactant to PDMS has emerged as a new technique to overcome 

hydrophobicity and control hydrophobic recovery over time. However, the selection of an ap-

propriate surfactant still demands a comprehensive methodology that considers the efficiency, 

stability, and durability of the hydrophilic behavior. In this study, three non-ionic surfactants 

with different critical micelle concentrations and chemical compositions were compared: Triton 

X-100, Brij L4 (BL4), and Polyethylene Oxide (PEO). For this purpose, different surfactant 

concentrations, curing temperatures, and types of surfactants were compared. Short- and long-

term experiments were conducted, in which drops of deionized water were applied to the sur-

face of PDMS prepared with the addition of surfactant for the wettability test. Additionally, an 

analysis of the influence of surfactants on thermal conductivity was performed, where samples 

were placed in a Hot Disk 5501 sensor to measure the thermal conductivity of the mixture. The 

results of the Taguchi method indicated that the optimal sample for both the initial wettability 

test (0 h) and after 3 weeks of curing is 2.5% PEO cured at 80°C, achieving a contact angle of 

12.8° immediately after curing. For the initial thermal conductivity (0 h), it was 0.5% TX-100 

at 80°C, and for after 3 weeks, BL4 2.5% at 25°C. For the analysis of the ideal sample using 

the combination of the two tests, the Grey Relational Analysis method was used. Additionally, 

to further delve into the methods, an ANOVA statistical analysis was presented to see the 

 
2 Neves, L. et al., 2024. Optimization of PDMS Hydrophobicity and Thermal Conductivity Analysis in 

Microfluidic Devices: Comparison of Non-Ionic Surfactants. Article in submission process in Journal 

Polymers, MDPI. 
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percentage of influence of each parameter, both in the Taguchi method, in individual tests, and 

the Grey Relational Analysis with the combination of both methods. 

  

Keywords: PDMS (Polydimethylsiloxane); Microfluidic Devices; Non-Ionic Surfac-

tants; Hydrophobicity Optimization. 
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3.1. Introduction 

Poly(dimethylsiloxane) (PDMS) is a polymer widely used in various technological 

applications due to its unique properties, such as flexibility, transparency, biocompatibility, and 

ease of manufacture [11], [12], [13], [14]. However, the inherent hydrophobicity of PDMS re-

presents a difficulty in microfluidic applications. This hydrophobic nature hinders the transfer 

of aqueous solutions, particularly evident in processes such as micro-contact printing, where 

the hydrophobic surface of PDMS impedes the flow of fluids. In addition, pressure-driven li-

quid processing equipment experiences a greater drop in internal pressure in the microchannels 

surrounding the hydrophobic PDMS surface, further exacerbating the problem. Various surface 

treatment methods have therefore been explored to reduce this challenge and improve the wet-

tability of PDMS surfaces [22]. 

Among these methods, gas-phase processing techniques such as oxygen plasma [67], 

[142], [143], UV/ozone treatment [143], [144], [145], UV irradiation [146] and electrical dis-

charge [147] have been widely investigated. Although these methods initially produce 

hydrophilic surfaces, their effectiveness is limited by the short lifetime of the hydrophilic mo-

dification due to the diffusion of low molecular weight chains [48], [57], [148]. Chemical pro-

cessing methods, including chemical vapor deposition (CVD), layer-by-layer deposition (LBL), 

sol-gel coatings and salinization, have also been used to improve the hydrophilicity of PDMS 

[149], [150], [151], [152]. However, these methods often involve complex protocols, multi-step 

procedures and high-cost facilities, which present significant challenges, especially for those 

without experience. Another method widely used today is the incorporation of nanomaterials, 

but their varying stability, toxicity as well as the diffusion and migration of nanoparticles can 

be undesirable, especially if they are toxic particles [143].  

Currently, the use of surfactants has come to the fore to address the hydrophobicity of 

PDMS surfaces effectively [100], [106], [153], [154], [155]. Surfactants, as wetting agents, 

offer a simple but promising approach to reducing fluidic resistance in microchannels by lowe-

ring surface tension and facilitating the spreading of liquids. This method avoids the need for 

specialized installations and complex procedures, making it accessible even to beginners. Sur-

factant-modified PDMS has demonstrated significant utility in various microfluidic applica-

tions, including the separation of biomolecules, blood cell sorting, immunological assays and 

drug delivery. The addition of surfactant to PDMS showed biocompatibility and stability, ma-

king it a viable option for various industrial and research applications [156]. 
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This study investigated the addition of three different surfactants to PDMS: 

Polyethylene Oxide (PEO), Brij L4 (BL4) and Triton X-100 (TX-100). The main objective was 

to improve the wettability of the PDMS, facilitating the flow of fluid by capillarity in micro-

channels without the need for pumps or other forced movement devices. In conjunction with 

this, the thermal conductivity of the PDMS-surfactant composite was also analyzed, in order to 

see if it would make the mixture more hydrophobic or aid hydrophilization. 

The methodology adopted involved preparing PDMS samples with different concen-

trations of each surfactant and different curing temperatures for the mixture. An orthogonal 

arrangement using the Taguchi method was used to select the combinations of parameters and 

sample levels. Once the arrangement had been defined, the samples were made and then the 

detailed wettability and thermal conductivity tests were carried out. Because the Taguchi me-

thod has a limitation in only presenting data for the ideal sample of the tests individually, Grey's 

Relational Analysis was used to unite both tests, overcoming this limitation. Thus, an ideal 

sample was presented, taking into account the percentage influence of each test on this sample. 

The improvement in wettability was assessed through contact angle tests, where a re-

duction in the contact angle indicates an increase in the hydrophilicity of the surface, and ther-

mal conductivity was measured using standardized techniques, allowing an assessment of the 

impact of surfactants on the heat dissipation capacity of PDMS. 

The results of this study had important implications for the development of more effi-

cient microfluidic devices. By increasing the hydrophilicity of PDMS, a significant improve-

ment was achieved in capillary flow tests, allowing applications in areas such as medical diag-

nostics, small-scale chemical synthesis and cell manipulation, for example. The improvement 

in thermal conductivity, although low, opens greater possibilities for the use of PDMS in devi-

ces that require precise thermal control, such as cooling coils for microchips or other electro-

nics, where there is a need for good wettability and thermal conductivity. 

This work contributes to knowledge about the modification of polymeric materials, 

especially PDMS, thus offering insights into the choice and application of surfactants to im-

prove the properties of various PDMS applications. By taking a diversified approach that con-

siders both wettability and thermal conductivity, presents an important step in optimizing ma-

terials for more advanced applications in microtechnology and nanotechnology. 
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3.2. Materials and methods 

3.2.1. Material 

Non-ionic surfactants were selected, organic substances characterized by their am-

phiphilic behavior, which allows them to interact with both polar and apolar substances. These 

surfactants have different chemical names and HLB (Hydrophilic-Lipophilic Balance) values, 

a measure of a surfactant's relative affinity for water or oil, as shown in Table 4. The surfactants 

used were: Brij L4 (SIGMA-ALDRICH), Triton# X-100 (SIG-MA-ALDRICH) and 

Polyethylene Oxide (Polysciences Europe GmbH). 

Table 4 - Chemical names and HLB of the analyzed surfactants. 

Surfactant Chemical name HLB 

Brij L4 (BL4) Polyoxyethylene (4) lauryl ether 9 

Polyethylene Oxide (PEO) Poly(ethylene oxide) - 

Triton X-100 (TX-100) t-Octylphenoxypolyethoxyethanol 13.5 

3.2.2. Taguchi method 

The Taguchi method [157] is a statistical approach to optimizing both processes and 

projects, which aims to reduce variation and increase performance through controlled experi-

ments. This method is based on experiment planning procedures to identify the most influential 

factors in each system and thus be able to determine its optimal configurations, with the aim of 

improving the quality and robustness of the product or process. 

In Taguchi's experiments, the signal-to-noise ratio is a measure of robustness. It helps 

to identify control factors that reduce variability in a product or process by minimizing the 

effects of uncontrollable factors (noise factors). Control factors are parameters that can be con-

trolled, while noise factors cannot be controlled during the production or use of the product but 

can be controlled during experimentation. 
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• Nominal is the best: 

 𝑆/𝑁𝑡 = 10 ∗ log (
𝑦̅²

𝑠²𝑦
) (1) 

 

• Larger is the better (maximize): 

 

 𝑆/𝑁𝐿 = −10 ∗ log (
1

𝑛
∑

1

𝑦𝑖²

𝑛

𝑖=1

) (2) 

 

• Smaller is the better (minimize): 

 𝑆/𝑁𝑆 = −10 ∗ log (
1

𝑛
∑𝑦𝑖²

𝑛

𝑖=1

) (3) 

 

where 𝑦̅ is the average of observed data, 𝑠²𝑦 is the variance of y, 𝑛 is the number of 

observations, and 𝑦 is the observed data. 𝑆/𝑁𝑡 is used if the aim is to reduce variability around 

a specific target, 𝑆/𝑁𝐿 if the system is optimized when the response is as large as possible and 

𝑆/𝑁𝑆 if the system is optimized when the response is as small as possible. 

The Taguchi method has the advantage of requiring a low number of tests. It is based 

on the use of orthogonal arrays to carry out small, highly fractional tests, up to larger, fully 

factorial tests. Although there are various approaches to designing experiments, the use of this 

type of array is considered very flexible and practical for a variety of situations, mainly due to 

its non-complexity as a statistical method. In addition, due to the smaller number of tests requi-

red, the Taguchi method is more economical compared to experimenting with all possible com-

binations of parameters. By adopting the Taguchi test design, it is possible to reduce both the 

time and cost associated with improving quality. 

3.2.2.1.  Application Taguchi method 

One signal-to-noise ratio that was used in the experiment for wettability is the lower 

the better, because it is desired to achieve the lowest possible wettability, while the other signal-
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to-noise ratio for thermal conductivity is the higher the better, because we want to achieve the 

highest conductivity. 

Considering that the initial focus was mainly on improving the surface wettability of 

the PDMS, the parameters as well as the levels chosen to be changed were in accordance with 

the main relevant properties based on the literature and bibliographic review. 

As presented in the literature, one of the methods for changing wettability, which was 

chosen for the present study, is the addition of surfactants both on the surface and in bulk to the 

PDMS. Therefore, the typical parameters to be changed and studied when adding surfactants 

are the type of surfactant used, the concentration percentage and the curing temperature of the 

PDMS/Surfactant mixture. 

To choose the correct Taguchi’s array, we have chosen 3 basis levels for each parame-

ter, they are defined in Table 5, both the parameters and the levels were selected on the basis of 

effective studies carried out previously. 

Table 5 - Parameters and levels Taguchi. 

Parameter Level 1 Level 2 Level 3 

Surfactant concentration % 0.5% 1% 2.5% 

Curing temperature (°C) 25°C 80°C 120°C 

Type of surfactant Brij L4 PEO Triton X-100 

 

Knowing the number of parameters and the number of levels, the proper orthogonal 

array can be selected. In this case, 3 parameters at 3 different levels, the proper Taguchi’s or-

thogonal array is 𝐿9. This means that nine combinations of parameters are needed, see Table 6. 

By replacing the levels and parameters in Table 6, we have Table 7. 

Table 6 - Taguchi 𝐿9 array. 

Test number Parameter 1 Parameter 2 Parameter 3 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

Table 7 - Taguchi 𝐿9 array with parameters and levels. 

  Surfactant concentration % Curing temperature (°C) Type of surfactant 

1 0.5% 25°C BL4 

2 0.5% 80°C PEO 

3 0.5% 120°C TX-100 

4 1% 25°C PEO 

5 1% 80°C TX-100 

6 1% 120°C BL4 
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7 2.5% 25°C TX-100 

8 2.5% 80°C BL4 

9 2.5% 120°C PEO 

The aim of this study is to analyze the decrease in the contact angle on the PDMS 

surface and the increase in thermal conductivity. Thus, once the wettability and conductivity 

study has been finalized, we will choose a combination of parameters that leads to the optimal 

combination of lower wettability and higher conductivity. 

In addition to what has already been said about the Taguchi method, there are some 

other advantages and disadvantages. The Taguchi method offers significant advantages, priori-

tizing average performance close to the target value in order to improve product quality. Its 

experimental approach is straightforward and applies to a variety of engineering situations, ma-

king it easy to identify problems and analyze parameters with little experimentation. It also 

allows multiple parameters to be analyzed without the need for many experiments, thanks to 

the use of orthogonal arrays. However, the results are relative and may not indicate precisely 

which parameter most influences the performance characteristic. The inability to test all com-

binations of variables selected by the Taguchi method and difficulties in considering interac-

tions between parameters are also limitations of this approach. In addition, the Taguchi method 

is best suited to the early stages of process development and may not be efficient in dynamic 

processes or when it is necessary to correct poor quality rather than just design quality [157]. 

3.2.3. ANOVA analysis 

Analysis of variance (ANOVA) is a methodology used to compare different levels of 

one or more test variables, allowing for the determination of whether the means of three or more 

groups (levels) are significantly different. Variances, which measure dispersion, calculate the 

degree of deviation of the data relative to the sample mean. One of the main objectives of 

ANOVA is to identify whether there are significant differences between the distributions of 

results in a sample involving three or more groups [158]. 

To perform the analysis of variance, an ANOVA table is created, as demonstrated in, 

to calculate the effects of each factor included in the analysis. These factors are: Sequential 

sums of squares indicate the variation attributed to the different components of the model; De-

grees of freedom (DF) represent the amount of information available in the model; Mean squa-

res are obtained by dividing the sum of squares by the degrees of freedom and represent the 
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variation between sample means; The F-value is a test statistic used to determine whether a 

control factor in the model is related to the response and to measure the extent of its influence; 

The P-value is the probability of obtaining a value of the test statistic equal to or greater than 

the observed one. Generally, a P-value less than 0.05 is used as a criterion to reject the null 

hypothesis, indicating that an extreme value for the test statistic would occur less than 5% of 

the time if there were no significant difference [159], [160], [161]. 

3.2.4. Grey Relational Analysis 

The Grey Relational Analysis technique is used to calculate the proximity between 

tests, using a specific relational grade. This method normalizes experimental results, such as 

wettability and thermal conductivity, on a scale from zero to one, based on their relevance. 

Grey's relational coefficient is then calculated from this normalized data, showing the relations-

hip between the desired and actual results. The Grey relational grade is then achieved by ave-

raging these coefficients, reflecting the overall assessment of the various responses in the pro-

cess. The procedure, also known as "GRA" (Grey Relational Analysis), follows a sequence of 

defined steps [162], [163], [164]. 

Initially, the process begins with pre-processing the data to avoid inconsistencies re-

garding scales and units. Next, the experimental data is subjected to a normalization in the range 

of zero to one, to standardize the raw data, followed by a linear normalization of the S/N ratio. 

The normalization of the experimental data when the "less is better" property is chosen for the 

quality characteristic is given according to Eq.(4): 

 𝑥𝑖𝑗 =
𝑚𝑎𝑥𝑖𝑗𝑛𝑖𝑗 − 𝑛𝑖𝑗

𝑚𝑎𝑥𝑖𝑗𝑛𝑖𝑗 −𝑚𝑖𝑛𝑖𝑗𝑛𝑖𝑗
 (4) 

When the "highest or best" attribute is chosen for the analyzed response, normalization 

is given according to the Eq.(5): 

 𝑥𝑖𝑗 =
𝑛𝑖𝑗 −𝑚𝑖𝑛𝑖𝑗𝑛𝑖𝑗

𝑚𝑎𝑥𝑖𝑗𝑛𝑖𝑗 −𝑚𝑖𝑛𝑖𝑗𝑛𝑖𝑗
 (5) 

where 𝑥𝑖𝑗 is normalized S/N ratio, 𝑛𝑖𝑗 represents the S/N value for each test with re-

gard to wettability or thermal conductivity, 𝑚𝑎𝑥𝑖𝑗𝑛𝑖𝑗  is represents the maximum value 

between tests 1 and 9 and 𝑚𝑖𝑛𝑖𝑗𝑛𝑖𝑗  represents the minimum value between tests 1 and 9. 
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Next, Grey's relational coefficient (𝜉𝑖(𝑘)) is calculated from the normalized experi-

mental data to show the relationship between the normalized (ideal) S/N ratio and the real one, 

where the ζ (zeta) characteristic varies in the range 0 ≤ ζ ≤ 1. Grey's relational coefficient is 

calculated as follows Eq.(6): 

 ξ𝑖𝑗 =
𝑚𝑖𝑛𝑖𝑚𝑖𝑛𝑗|𝑥

0
𝑖 − 𝑥𝑖𝑗| + ζ𝑚𝑎𝑥𝑖𝑚𝑎𝑥𝑗|𝑥

0
𝑖 − 𝑥𝑖𝑗|

|𝑥0𝑖 − 𝑥𝑖𝑗| + ζ𝑚𝑎𝑥𝑖𝑚𝑎𝑥𝑗|𝑥0𝑖 − 𝑥𝑖𝑗|
 (6) 

where ξ𝑖𝑗 is Grey's relational coefficient, 𝑚𝑖𝑛𝑖𝑚𝑖𝑛𝑗|𝑥
0
𝑖 − 𝑥𝑖𝑗| is minimum normali-

zed value, 𝑚𝑎𝑥𝑖𝑚𝑎𝑥𝑗|𝑥
0
𝑖 − 𝑥𝑖𝑗| is maximum normalized value, |𝑥0𝑖 − 𝑥𝑖𝑗| is the S/N value 

for each test in relation to Wettability or Thermal Conductivity and ζ (zeta) is the influence 

coefficient of the test. 

The Grey relational grade is calculated using the average of the Grey relational coef-

ficients corresponding to each performance characteristic. A higher Grey's ratio, closer to a 

value of one, indicates that the corresponding S/N ratio is closer to the ideally normalised S/N 

ratio. The Grey relational grade is calculated Eq.(7): 

 𝑦𝑖 =
1

𝑛
∑𝑤𝑖

𝑛

𝑖=1

ξ𝑖𝑗(𝑖) (7) 

where 𝑦𝑖 is Grey's relational grade, 𝑛 corresponds to the number of alternatives or 

elements compared and 𝑤𝑖ξ𝑖𝑗(𝑖) is observed data. 

If the experiments are carried out without repetitions, the data is normalised on the 

results obtained for each experiment and for each response analysed, applying the Eq.(4) and 

Eq.(5) equations, according to the characteristics of the responses. However, if the tests are 

repeated, normalisation is carried out on the S/N ratio calculated for each experiment and for 

each quality specificity, so that all the results achieved by the repetitions are grouped together 

[164], [165]. 

After calculating the Grey relational grade from the S/N ratio values derived from Ta-

guchi and defining the optimal combination of control factors, it is essential to conduct a vali-

dation test to assess how much the Grey method aids in improving the process. This validation 

is necessary only when a sample of the combinations defined in the Taguchi orthogonal array 

has not been produced. The Grey relational grade, calculated using the optimal parameter levels 

identified by the Grey relational analysis, is determined by Eq.(8) [164], [165], [166], [167]. 

 𝜂̂ = 𝜂𝑚 +∑𝜂̅𝑖 − 𝜂𝑚

𝑞

𝑖=1

 (8) 
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where 𝜂̂ is the estimated Grey relational grade for the optimal combination of para-

meters; 𝜂𝑚 is the overall mean Grey relational grade of all experiments; 𝜂̅𝑖 is the Grey relati-

onal grade for the optimal level of each parameter; and 𝑞 is the number of significant parame-

ters for the process. 

3.2.5. Sample preparation 

3.2.5.1. Bulk PDMS Modification Method 

Firstly, the PDMS (Sylgard 184TM, Silicone Elastomer Base, USA) was prepared by 

mixing a base and a curing agent in a 10:1 weight mixing ratio for 5 minutes in a slow spiral 

motion in the same direction. The mixture was then set to degas for 10 minutes. Following this 

process, the Brij L4, PEO and Triton X-100 surfactants were mixed in proportions of 0.5, 1 and 

2.5 wt%, and the mixture was also degassed for 10 minutes [168]. The surfactant/PDMS mix-

ture (s-PDMS) was then poured into a mold to standardize the diameter, thickness and surface 

roughness. It was then put back into the mold for degassing and, finally, cured at temperatures 

of 25°C, 80°C and 120°C, this whole process is shown, schematically, in Figure 18. 
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Figure 18 - Schematic of the manufacturing process for PDMS specimens with added surfactant, by bulk mixing. Where a) 

shows the PDMS kit (PDMS and curing agent), b) remove bubble from PDMS kit mix, c) mix PDMS kit with surfactants 

(Brij L4, PEO, Triton X-100) at 0.5, 1 and 2.5 wt%, d) removing bubble from the PDMS kit mixture with surfactants (already 

poured into the mold), e) curing the samples at 25°C, 80°C and 120°C, f) cured samples in the mold and g) final cured and 

demolded sample. 

To meet the manufacturer's specifications for the Hot Disk 5501 F1 sensor, which was 

used for the thermal conductivity test, the samples were made in a mold with a thickness of 1.1 

cm and a diameter of 3 cm. It consisted of a machined aluminium part with four holes and four 

gaps to contain excess material from each hole, preventing material placed in one hole from 

coming into contact with material in another hole, which usually happens when bubbles are 

removed, as the material on the surface expands and tends to go sideways. For the base of the 

mold, a rectangle of smooth glass is placed between the part with the holes and two small plates, 

where it is secured by screws, washers and nuts as shown in Figure 19. 
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Figure 19 - Mold used to make the PDMS/Surfactant samples. 

3.2.5.2.  Microchannel Fabrication for Capillary Studies 

3.2.5.2.1.  Microchannel Design and 3D Printing of the Molds 

The production of polymeric microfluidic devices for open capillary assays began with 

the creation of a standard design using the Inventor software (version 27.0, student license). 

Four types of channels were designed: (1) a straight rectangular channel with a length of 42 

mm and a width of 1 mm (Figure 20A); (2) a spiral-shaped channel with a length of 42 mm and 

a width of 1 mm (Figure 20B); (3) a main channel with a width of 1 mm that splits into two 

equal branches (Figure 20C); and (4) a channel with bifurcation-confluence geometry (Figure 

20D). All four channels had a depth of 0.4 mm [169]. 
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Figure 20 - Designs and dimensions of the different molds for the capillary microchannels. Four channels were drawn: (A) a 

straight rectangular channel; (B) a channel with spiral-shaped geometry; (C) a channel with a main channel that bifurcates 

into two equal branch channels; and (D) a channel with bifurcation-confluence geometry [169]. 

To obtain the microchannel molds, the drawings were transformed into .STL format 

to be sent to the 3D printer pre-processing software, CHITUBOX V1.9.5 (Shenzhen, China, 

CBD-Tech). The printer used was the Anycubic Photon D2 (Anycubic Company, China), a 3D 

printer based on Digital Light Processing. A specific translucent photosensitive resin (Standard 

Resin Clear, Anycubic Company, China) was used in the printing process and the high-resolu-

tion parameters were defined. Post to the printing process, the remaining uncured resin was 

washed with 99.9% isopropyl alcohol (EQM Soluciones Quimicas, Madrid, Spain), for 10 min, 

in the Anycubic Wash & Cure Plus Machine (Anycubic Company, China), to remove any ex-

cess of resin that remained on the microchannel surface mold. Afterwards, it was subjected to 

a UV curing session lasting 2 h in the Anycubic Wash & Cure Plus Machine (Anycubic Com-

pany, China). The UV light further cured the resin, making the molds more rigid, and improving 

their structural integrity. The curing time may vary based on the resin type and the UV source’s 

intensity. Lastly, the mold was exposed to a 24 h thermal treatment at 80°C in an oven. 

  



  

53 

 

3.2.6. Contact angle measurements 

3.2.6.1. Theory wetting of textured and chemically heterogeneous surface 

When the droplet is small enough (low bond number), the surface tension exceeds 

gravity, and a spherical cap shape is formed on the droplet. According to Eq.(9), the three forces 

acting on the droplet define the contact angle of the droplet, so if the surface tension of the 

system and the volume of the droplet remain constant, the contact angle does not change. Ho-

wever, in practice, changes in surface tension or droplet volume can lead to changes in the 

contact angle. As the surface tension changes, a new balance of the three forces acting on the 

droplet establishes a different contact angle. When the volume of the droplet changes, this leads 

to a decrease in the contact angle in constant contact line mode, which is usually due to evapo-

ration. Therefore, the factors that influence the dynamic contact angle over time are changes in 

surface tension and droplet volume on the impermeable surface [105], [170], [171]. 

The smoothness, rigidity, texture, and the presence, as well as the amount, of surfactant 

affects the contact angle of the water droplet on a surface [172]. When a liquid droplet is placed 

on an ideally flat, rigid, and chemically homogeneous surface, the equilibrium of solid, liquid 

and gas is described by Young's model [173]. 

 𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺 cos 𝜃𝑌 (9) 

where 𝛾𝑆𝐺, 𝛾𝑆𝐿 and 𝛾𝐿𝐺 are respectively interface tensions at solid/gas, solid/liquid, 

and liquid/gas, and 𝜃𝑌 is a contact angle of the liquid at the equilibrium state. However, a real 

surface has its imperfections, contrary to ideal conditions. Therefore, considering the roughness 

present on the surface, Wenzel's model is used to develop the homogeneous wettability of a 

rough surface [174]. 

 cos 𝜃𝑚 = 𝑟 cos 𝜃𝑌 (10) 

where 𝜃𝑚 is an apparent contact angle, and 𝑟 is a surface roughness ratio defined as 

the ratio of the actual surface area to the projected one. Heterogeneous wetting on a rough face, 

in which the fluid does not penetrate the textured cracks, is explained by the Cassie-Braxter 

model [175], [176]. 

 cos 𝜃𝑚 = 𝑟𝑓𝑓 cos 𝜃𝑌 + 𝑓 − 1 (11) 

where 𝑟𝑓 and 𝑓 are respectively the roughness ratio and area fraction of the surface 

wetted by the liquid. There are currently a few models for characterizing the equilibrium of 
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wetting on a textured face with homogeneous wetting (Eq.(10)) and heterogeneous wetting 

(Eq.(11)) [177], [178]. These characterize a shift between Wenzel and Cassie-Baxter, which 

are clarified by multiple Gibbs free energy minima. 

When a liquid is applied to the polymer surface with the addition of surfactant, the 

surfactant molecules released from the polymer are continuously adsorbed onto the solid-liquid 

and liquid-gas interfaces. This results in a change in the wetting pattern of the polymer over 

time [104], [105]. The variation in the wetting pattern over time of a smooth surface in the 

presence of an amphiphilic surfactant is commonly explained by the theory developed by Starov 

[179], [180]. 

 
cos 𝜃𝑚 =⁡ cos 𝜃𝑚,0 − (cos 𝜃𝑚,0

− cos 𝜃𝑚,∞)(1 − 𝑒−
𝑡
𝜏⁄ ) 

(12) 

where 𝜃𝑚,0 e 𝜃𝑚,∞ are respectively the initial (𝑡⁡  = ⁡0) and final (𝑡⁡ = ⁡∞) apparent 

contact angles of a liquid, and 𝜏 is a surfactant transfer time constant which is generally de-

pendent on surfactant concentration and surface area fraction. 

The continuous release of surfactant from the polymer into the liquid causes a temporal 

variation in cos 𝜃𝑚,∞ that is directly proportional to 𝛾𝐿𝐺  according to the Zisman equation 

[181]. Using the Gibbs adsorption equation [182] and the Zisman equation, we have 

 cos 𝜃𝑚,∞ (𝑐) = 𝛼 + 𝛽 ln 𝑐 (13) 

where 𝛼 and 𝛽 are the coefficients of surfactants. Putting Eq.(13) into Eq.(12) we 

can obtain the variation of wetting over time in a polymer that has an amphiphilic surfactant, 

so we have Eq.(14) 

 
cos 𝜃𝑚(𝑐, 𝑡) = cos 𝜃𝑚,0 − {cos 𝜃𝑚,0

− (𝛼 + 𝛽 ln 𝑐)}(1 − 𝑒−
𝑡
𝜏⁄ ) 

(14) 

Given a textured and chemically heterogeneous surface, we arrive at the following 

equation 

 

cos 𝜃𝑚(𝑑𝑝, 𝑐, 𝑡)

= ⁡𝑓(𝑑𝑝) [cos 𝜃𝑚,0

− {cos 𝜃𝑚,0 − (𝛼 + 𝛽 ln 𝑐)} (1 − 𝑒
−𝑡

𝜏(𝑑𝑝,𝑐)
⁄

)]

+ 𝑓(𝑑𝑝) − 1 

(15) 

where 𝑓 is area fraction of textures and 𝑑𝑝 is pore size. 
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3.2.6.2.  Contact angle measurements method 

Static contact angle measurements were performed using the sessile drop technique to 

assess the wettability of the PDMS samples. Both modified and pure (control) PDMS samples 

were carefully cleaned with a damp paper. Using a 100 μL micropipette, a 10 μL volume of 

deionized water was carefully dispensed onto the sample surfaces. The water contact angle 

(WCA) was determined using a goniometer connected to an optical microscope and a computer 

with contact angle (CA) measurement software, including SCA202 software for OCA and PCA. 

To ensure accurate measurements, adjustments were made to lighting conditions, focus, base-

line, and contour line. The image of the drop on the PDMS sample was captured immediately 

after sample preparation (0 h) and at subsequent intervals of 1 week, 2 weeks, and 3 weeks. 

During each test run, WCA was measured every minute for 10 minutes, obtaining 10 measure-

ments over 10 minutes, at three different points in the sample, in order to have a detailed anal-

ysis of the changes in the hydrophobic properties of PDMS over time, as shown in Figure 21. 

 

Figure 21 - Measurement of the contact angle using an optical microscope (goniometer), connected to a computer with the 

CA measurement software, SCA202. Images captured by goniometer of a 10 𝜇L drop of distilled water on samples. 
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3.2.7. Thermal conductivity measurements 

The thermal conductivity (𝜅) of a material is the property that defines its ability to 

conduct heat. It quantifies the amount of heat (𝑄) that passes through a material of thickness 𝐿 

and area Α in each time interval (𝑡), when there is a temperature difference (∆𝑇) between the 

opposite sides of the material. The relationship is given by the Fourier equation for heat condu-

ction in one dimension [183]. 

 𝑄 = −𝜅Α
∆𝑇

𝐿
𝑡 (16) 

 

The unit of measurement for thermal conductivity in the International System (SI) is 

the watt per meter-kelvin (W/mK). 

Heat transfer in materials can occur in three main ways: conduction, convection, and 

radiation. In the context of the thermal conductivity in this work, the focus is on conduction, 

which can be divided into three different types. The first type is by phonons, which in solids, 

especially in non-metallic materials, heat is mainly conducted through the vibration of crystal 

lattices, or phonons. The second type involves free electrons, which in metals and some semi-

conductors, free electrons significantly contribute to thermal conduction. Finally, there is mo-

lecular diffusion, which in liquids and gases, thermal conduction occurs by the diffusion of 

high-energy molecules to regions of lower energy [184]. Various experimental methods are 

used to measure the thermal conductivity of polymeric materials such as PDMS, the method 

employed in this work was the Hot Disk method. 

3.2.7.1. Hot Disk TPS 2500S 

Transient plane source (TPS) equipment provides data on thermal properties, including 

thermal conductivity, thermal diffusivity and specific heat per unit volume of the material being 

analyzed, as specified by ISO 22007-2 standards and indicated by the manufacturer [185]. This 

method employs a flat heated sensor commonly referred to as a Hot Disk Thermal Constant 

Analyzer because of its shape. According to the TPS 2500S equipment manual, it can measure 

thermal conductivity values ranging from 0.005 to 1800 W/mK, with reproducibility commonly 
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exceeding 1% and accuracy exceeding 5%. It is compatible with both standard isotropic mea-

suring modules and additional components [186]. 

3.2.7.2. Temperature and heat flux sensor 

Hot Disk sensors, in this study we used the Hot Disk 5501 F1 sensor as shown in 

Figure 22, have thin polyimide films (Kapton®) with thicknesses between 12.7 µm and 25 µm 

for use at cryogenic temperatures of up to 300°C; the total thickness of the sensor varies from 

60 to 80 µm. The sensor used has an external radius, 𝑟𝐾𝑎𝑝𝑡𝑜𝑛, of 10 mm while its internal radius, 

𝑟𝐻𝑜𝑡, of 6.4 mm in a spiral. Four electrical connections are provided for the sensor's double 

spiral, two for conducting the heating current and two for controlling the voltage drop. The TPS 

2500S system has been adapted to monitor resistance variations during transient heating of the 

sample under investigation. 

 

Figure 22 - Sensor Hot Disk 5501 F1 with Kapton® isolation. 

For the Hot Disk 5501 F1 sensor, the manufacturer's specifications for sample thi-

ckness must be 𝑟 ≤ ℎ ≤ 2𝑟  and for the sample diameter 4𝑟 ≤ 𝐷 ≤ 6𝑟 , where 𝑟  is the 

𝑟𝐾𝑎𝑝𝑡𝑜𝑛 of the sensor. 

To take thermal property measurements, Figure 23, the Hot Disc sensor emits a con-

trolled pulse of heat for a set period of time. The amplitude, penetration depth and duration of 

this pulse depend on the response of the material used as the test sample. To establish a refe-

rence, a pure PDMS sample was used and adjusted to the initial conditions, thus serving as a 

basis for other analyses. In addition, it is possible to guarantee the reliability of the measured 
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values by comparing them with studies in the literature on the thermal conductivity of pure 

PDMS or by consulting the manuals of the suppliers of this material. 

Each series of tests consisted of five consecutive measurements, each lasting 40 

seconds and applying 40 mW of power to the sample, with an interval of 2 minutes between 

each measurement, allowing the temperature to stabilize. The sample temperature was monito-

red using a PT100 sensor. For the analysis to be standardized, settings were used that included 

time correction, no offset compensation and standard heat capacity. Also considered were in-

sulation conductivity values of 0.036 W/mK and diffusivity of 0.69 mm²/s. 

 

Figure 23 - PDMS sample attached to stainless steel support and Hot Disk TPS 2500S data acquisition system. 
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3.3. Results and discussion 

This chapter presents and discusses the results obtained when measuring the contact 

angle and thermal conductivity of the s-PDMS and pure PDMS samples. Using the Taguchi 

method there are two main evaluations, the first being the evaluation of the signal-to-noise ratio, 

which makes it possible to define the level of variation for each parameter. The second is based 

on analysis of variance (ANOVA), which is used to determine the influence of each parameter. 

Taguchi, ANOVA and Grey analysis were carried out on the results of the tests in the 

initial phase (0 h) and after 3 weeks, to analyze the immediate behavior of the surfactant addi-

tion and the medium/long-term behavior. 

3.3.1. Wettability test 

In order to obtain the wettability data from the contact angle, only the contact angle 

measurement method presented in 3.2.6.2 was considered, since in order to carry out the calcu-

lations in 3.2.6.1, other tests would have to be carried out, such as scanning electron micros-

copy, X-ray diffraction, X-ray photoelectron spectroscopy and Raman spectroscopy. 

3.3.1.1. Taguchi method results 

As the aim is to obtain the lowest possible surface wettability (lowest contact angle), 

the S/N ratio for this parameter is "lower is better", as it allows the value of the contact angle 

to be minimized. With the values obtained in the wettability tests (Figure 24) and Eq. (3), it was 

possible to determine the signal-to-noise ratios for the nine samples, thus obtaining Table 8 and 

Table 9, where the first is the test carried out immediately after curing and the second after 3 

weeks. Figure 24 shows in pink a dotted line marking the transition from hydrophobic (greater 

than 90°) to hydrophilic (less than 90°). 
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Figure 24 - Contact angle (°) x Time (weeks) for PDMS samples with different types of surfactants and curing temperatures. 

Table 8 - S/N ratio value from the initial wettability test (0 h). 

Test num-

ber 

Surfactant concentra-

tion % 

Curing tempera-

ture (°C) 

Type of sur-

factant 

Contact An-

gle (°) 
S/N (dB) 

1 0.5% 25°C BL4 46,46 -33,3416 

2 0.5% 80°C PEO 20,4 -26,1926 

3 0.5% 120°C TX-100 55 -34,8073 

4 1% 25°C PEO 25,49 -28,1274 

5 1% 80°C TX-100 35,93 -31,1091 

6 1% 120°C BL4 28,25 -29,0204 

7 2.5% 25°C TX-100 67,24 -36,5526 

8 2.5% 80°C BL4 12,84 -22,1713 

9 2.5% 120°C PEO 13,39 -22,5356 

Table 9 - S/N ratio value of the wettability test after 3 weeks. 

Test num-

ber 

Surfactant concentra-

tion % 

Curing tempera-

ture (°C) 

Type of sur-

factant 

Contact An-

gle (°) 
S/N (dB) 

1 0.5% 25°C BL4 68,19 -36,6744 

2 0.5% 80°C PEO 27,06 -28,6466 

3 0.5% 120°C TX-100 57 -35,1175 

4 1% 25°C PEO 39,97 -32,0347 

5 1% 80°C TX-100 48,38 -33,6933 

6 1% 120°C BL4 37,59 -31,5014 

7 2.5% 25°C TX-100 38,25 -31,6526 

8 2.5% 80°C BL4 18,17 -25,1871 

9 2.5% 120°C PEO 15,04 -23,5450 

From Table 8 and Table 9, the test that shows the highest initial S/N ratio value is 

sample 8 (-22.1713 dB) and after 3 weeks sample 9 (-23.5450 dB), respectively, these results 

are confirmed by the lowest contact angle value, while sample 7 (-36.5526 dB), initial, and 

sample 1 (-36.6744 dB), after 3 weeks, gave rise to the lowest S/N ratio value which in turn are 
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the highest contact angle values. Figure 25 shows the average S/N ratio values for the different 

parameters in relation to initial wettability (0 h) and Figure 26 to wettability after 3 weeks. 

 

Figure 25 - Average S/N value for the different parameters in relation to initial wettability (0 h). 

 

Figure 26 - Average S/N value for the different parameters in relation to wettability after 3 weeks. 

Looking at Figure 25 and Figure 26, it is possible to conclude that the best combination 

for wettability is 2.5% PEO curing at 80°C, both for wettability measured initially and after 3 

weeks. As expected, it can be analyzed that the higher the surfactant concentration, the greater 

the wettability. The curing temperature together with the comparison between the three 
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surfactants is new to the study, mainly due to the lack of studies. The Taguchi method was used 

to find the ideal temperature to be 80°C and the surfactant that most influenced wettability 

among the three analyzed was PEO. 

 Due to the ideal sample given by Taguchi not being included in the set of samples 

according to Taguchi's orthogonal array, Table 7, and the analysis showing that the parameters 

and levels were excessively influential on the wettability characteristic, the ideal sample was 

then prepared, consisting of 2.5% PEO cured at 80°C. This ideal sample obtained an initial 

contact angle (0 h) of 12.87°, showing a reduction of 62.02% in the contact angle compared to 

the average initial contact angles (0 h) of the 9 samples produced according to the orthogonal 

array. 

3.3.1.2. ANOVA results 

For the ANOVA, the S/N values calculated using the Taguchi method were used for 

both wettability and conductivity tests. The analysis was conducted using the S/N values related 

to the contact angles from the wettability tests, with the aim of identifying the most influential 

parameters on the surface characteristics of the produced samples. The analysis of variance 

(ANOVA) was performed with the smallest contact angle recorded during the tests, using the 

statistical software Minitab 17. The data for this analysis, including the initial contact angle and 

the angle after 3 weeks, are presented in Table 8 and Table 9, respectively. The ANOVA results, 

both initial and after 3 weeks, are detailed in Table 10 and Table 11, respectively. 

In the following tables, "DF" stands for degrees of freedom, "SS" denotes the sum of 

squares, "MS" represents the mean square, and "F Value" and "P Value" are statistical tools 

used to determine which parameters have the greatest influence on the quality characteristic 

studied. The mean square (MS) is calculated by dividing the sum of squares (SS) by the number 

of degrees of freedom (DF). 
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Table 10 - ANOVA values for initial wettability test (0 h). 

 

Initial wettability test 

Source DF Adj SS Adj MS F-Value P-Value % influence 

% 2 28,569 14,285 3,64 0,216 13,5902 

°C 2 58,604 29,302 7,46 0,118 27,8777 

Surfactant 2 115,187 57,593 14,66 0,064 54,7941 

Error 2 7,858 3,929     3,7380 

Total 8 210,218       100,0 

 

Table 11 - ANOVA values for wettability test after 3 weeks. 

Wettability test after 3 weeks 

Source DF Adj SS Adj MS F-Value P-Value % influence 

% 2 77,355 38,6777 96,34 0,01 50,5717 

°C 2 30,631 15,3156 38,15 0,026 20,0254 

Surfactant 2 44,172 22,0859 55,01 0,018 28,8779 

Error 2 0,803 0,4015     0,5250 

Total 8 152,961       100,0 

 

From Table 10, the most influential parameter on the contact angle of the samples with 

surfactant is the type of surfactant, with an influence of almost 55%. The curing temperature 

accounts for approximately 28%, and the surfactant concentration has a 13.6% influence on the 

reduction of the contact angle. For Table 11, after 3 weeks of curing the samples, the most 

influential factor is the surfactant concentration at 50.57%, followed by the type of surfactant 

at 28.88%, and finally the curing temperature at 20%, which aligns with expectations. 

3.3.2. Thermal conduction test 

3.3.2.1. Taguchi method results 

Unlike wettability, the aim is to obtain the highest possible thermal conductivity. The 

S/N ratio for this parameter is "higher is better", as it allows the thermal conductivity value to 

be maximized. With the values obtained in the conductivity tests and Eq.(2), it was possible to 

determine the signal/noise ratios for the nine samples, thus obtaining Table 12 and Table 13, 

the first being the test carried out immediately after curing and the second after 3 weeks. 
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Table 12 - S/N ratio value from the initial thermal conductivity test (0 h). 

Test 

number 

Surfactant concen-

tration % 

Curing tempera-

ture (°C) 

Type of sur-

factant 

Thermal conductivity 

(W/mK) 
S/N (dB) 

1 0.5% 25°C BL4 0,2106 -13,5308 

2 0.5% 80°C PEO 0,2264 -12,9025 

3 0.5% 120°C TX-100 0,1975 -14,0887 

4 1% 25°C PEO 0,199 -14,0229 

5 1% 80°C TX-100 0,2116 -13,4897 

6 1% 120°C BL4 0,2031 -13,8458 

7 2.5% 25°C TX-100 0,225 -12,9563 

8 2.5% 80°C BL4 0,2 -13,9794 

9 2.5% 120°C PEO 0,197 -14,1107 

Table 13 - S/N ratio value of the thermal conductivity test after 3 weeks. 

Test 

number 

Surfactant concen-

tration % 

Curing tempera-

ture (°C) 

Type of sur-

factant 

Thermal conductivity 

(W/mK) 
S/N (dB) 

1 0.5% 25°C BL4 0,2006 -13,9534 

2 0.5% 80°C PEO 0,1966 -14,1283 

3 0.5% 120°C TX-100 0,1972 -14,1019 

4 1% 25°C PEO 0,1952 -14,1904 

5 1% 80°C TX-100 0,198 -14,0667 

6 1% 120°C BL4 0,1981 -14,0623 

7 2.5% 25°C TX-100 0,1993 -14,0099 

8 2.5% 80°C BL4 0,1993 -14,0099 

9 2.5% 120°C PEO 0,1962 -14,1460 

From Table 12 and Table 13, the test that shows the highest initial S/N ratio value is 

sample 2 (-12,9025 dB) and after 3 weeks sample 1 (-13,9534 dB), respectively, these results 

are confirmed by the higher thermal conductivity value. The values of both the thermal condu-

ctivity and consequently the S/N are very close between the samples, due to PDMS being an 

insulating material and surfactants in general being poor thermal conductors, so it shows a low 

increase in conductivity regardless of the percentage, type of surfactant and curing temperature. 

Figure 27 shows the average values of the S/N ratio for the different parameters in relation to 

the initial thermal conductivity (0 hours) and Figure 28 the thermal conductivity after 3 weeks. 
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Figure 27 - Average S/N value for the different parameters in relation to the initial thermal conductivity (0 hours). 

 

Figure 28 - Average S/N value for the different parameters in relation to thermal conductivity after 3 weeks. 

As shown in Figure 27, it can be seen that the optimal sample, based on the immediate 

results after curing the samples, is 0.5% TX-100 cured at 80°C. Based on the results after 3 

weeks of curing the samples, Figure 28, the ideal sample is 2.5% BL4 cured at 25°C. There was 

a big difference between the optimal samples immediately after curing and after 3 weeks, but, 

as mentioned above, these are not the optimal parameters for increasing thermal conductivity. 

It was noted that the variation in the thermal conductivity and S/N values is very low between 

one sample and another, and this change between the optimal samples for the two tests is not 

as relevant as when compared to the wettability S/N values, where the parameters that were 

chosen to be analyzed have a major influence on this characteristic. 
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3.3.2.2. ANOVA results 

Similarly to the wettability test, this analysis was conducted using the S/N values, but 

this time related to the thermal conductivity test values. The ANOVA was performed with the 

average thermal conductivity values recorded during the tests, using the same software. The 

data for this analysis, both initial and after 3 weeks, are presented in Table 12 and Table 13, 

respectively. The ANOVA results, both initial and after 3 weeks, are detailed in Table 14 and 

Table 15, respectively. 

Table 14 - ANOVA values for the initial thermal conductivity test (0 hours). 

Initial thermal conductivity test 

Source DF Adj SS Adj MS F-Value P-Value % influence 

% 2 0,1191 0,0596 0,12 0,89 6,7296 

°C 2 0,5751 0,2876 0,6 0,626 32,4952 

Surfactant 2 0,1143 0,0571 0,12 0,894 6,4584 

Error 2 0,9612 0,4806     54,3112 

Total 8 1,7698       100,0 

 

Table 15 - ANOVA values for the thermal conductivity test after 3 weeks. 

Final thermal conductivity test 

Source DF Adj SS Adj MS F-Value P-Value % influence 

% 2 0,00471 0,0024 1,41 0,415 10,3671 

°C 2 0,00425 0,0021 1,27 0,44 9,3480 

Surfactant 2 0,03314 0,0166 9,94 0,091 72,9442 

Error 2 0,00334 0,0017     7,3406 

Total 8 0,04543       100 

 

From Table 14, the most influential parameter on the thermal conductivity of the sam-

ples with surfactant is the residual error, with an influence of approximately 54%. This error 

represents the variability that remains in the model after identifying all the main effects [164]. 

In other words, roughly half of the variations in the results are not explained by the selected 

model. This may be associated with the selection of parameters and levels that were not able to 

adequately explain the model. Thus, it indicates that the selected parameters are not suitable for 

altering the thermal conductivity. Despite the high value of the residual error, the model applied 

in the experimental part achieved an improvement compared to the initially defined conditions, 

demonstrating the effectiveness of using the Taguchi method. For Table 15, after 3 weeks of 

curing the samples, the most influential factor is the type of surfactant, at approximately 73%, 
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followed by the surfactant concentration percentage at 10.37%, and finally, the curing tempe-

rature at 9.34%. 

3.3.3. Grey relational analysis of the tests 

According to the Grey Relational Analysis method, the S/N ratio values from the wet-

tability and thermal conductivity tests, calculated for the PDMS samples with surfactant using 

the Taguchi method, were used as presented previously. 

3.3.3.1. Grey relational analysis of initial tests (0 h) 

The first step in the Grey relational analysis involves reprocessing the data, as shown 

in Table 16, to normalize them. This process aims to eliminate variations in the responses and 

make them dimensionless by standardizing the results on a scale from 0 to 1. The normalization 

of the S/N ratio is done using Eq.(5) (for the "larger is better" characteristic), since the values 

used to calculate the Grey relational analysis were the S/N ratio, this equation must be used. 

The "larger is better" and "smaller is better" conditions were already established for each test 

in the Taguchi method, so the best S/N result will always be the largest. If the means of the 

values obtained in the tests were used, it would be necessary to use Eq.(4) when the test objec-

tive is "smaller is better" and Eq.(5) for "larger is better” [164]. The normalized values of the 

results are presented in Table 17. 

Table 16 - S/N ratio values for initial wettability and thermal conductivity tests (0h). 

Sample S/N Wettability (dB) S/N Conductivity (dB) 

1 -33,3416 -13,5308 

2 -26,1926 -12,9025 

3 -34,8073 -14,0887 

4 -28,1274 -14,0229 

5 -31,1091 -13,4897 

6 -29,0204 -13,8458 

7 -36,5526 -12,9563 

8 -22,1713 -13,9794 

9 -22,5356 -14,1107 
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Table 17 - Normalized S/N ratio values for the initial wettability and thermal conductivity tests (0 h). 

Sample S/N Wettability S/N Conductivity 

1 0,2233 0,4799 

2 0,7204 1,0000 

3 0,1214 0,0182 

4 0,5858 0,0726 

5 0,3785 0,5140 

6 0,5238 0,2192 

7 0,0000 0,9554 

8 1,0000 0,1087 

9 0,9747 0,0000 

 

Subsequently, the Grey relational coefficient was calculated using the values from Ta-

ble 17 and Eq.(5). First, |𝑥0𝑖 − 𝑥𝑖𝑗| is determined, as shown in Table 18, which is the diffe-

rence between the ideal sequence value (indicating the optimal value for the normalization of 

the signal-to-noise ratio, i.e., the ideal result for the S/N ratio) and the normalized value obtai-

ned for each experiment, and each analyzed response. Based on these values, the Grey relational 

coefficients were determined and presented in Table 19. For our analysis, the distinctive coef-

ficient (ζ) used was 0.5 for the wettability test results and 0.5 for the thermal conductivity test 

results, aiming to analyze an ideal sample that equally combines the best conditions for wetta-

bility and thermal conductivity. 

Table 18 - 𝑥0𝑖 − 𝑥𝑖𝑗 values for the initial wettability and thermal conductivity tests (0 h). 

Sample 𝒙𝟎𝒊 − 𝒙𝒊𝒋 Wettability 𝒙𝟎𝒊 − 𝒙𝒊𝒋 Conductivity 

1 0,7767 0,5201 

2 0,2796 0,0000 

3 0,8786 0,9818 

4 0,4142 0,9274 

5 0,6215 0,4860 

6 0,4762 0,7808 

7 1,0000 0,0446 

8 0,0000 0,8913 

9 0,0253 1,0000 

Table 19 - Grey relational coefficient values for the initial wettability and thermal conductivity test (0 h). 

Sample Grey's relational coefficient for wettability testing Grey's relaional for conductivity testing 

1 0,3916 0,4902 

2 0,6413 1,0000 

3 0,3627 0,3374 

4 0,5470 0,3503 

5 0,4458 0,5071 

6 0,5122 0,3904 

7 0,3333 0,9181 
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8 1,0000 0,3594 

9 0,9518 0,3333 

 

Finally, based on Table 19 and using Eq.(7), Grey's relational grade is calculated, Ta-

ble 20. In this table it is also possible to observe the order of the results, where the number 1 

represents the highest value of Grey's relational grade and 9 the lowest value. 

Table 20 - Values for the relational grade of Grey and their respective order for the initial tests (0 h). 

Sample Grey's relational grade Order 

1 0,4409 8 

2 0,8207 1 

3 0,3501 9 

4 0,4486 7 

5 0,4765 5 

6 0,4513 6 

7 0,6257 4 

8 0,6797 2 

9 0,6426 3 

 

This brings us to Table 21, which shows the average Grey's relational grade for each 

level, as well as the total average. With this information it is possible to identify the best com-

bination, and the higher the value of the Grey's relational grade, the better the combination. 

Table 21 - Response table for the initial Grey's ratio (0 h). 

  Grey's relational grade   

Parameters Level 1 Level 2 Level 3 Max-Mín Total average 

Percentage (%) 0,5372 0,4588 0,6493 0,1905 

0,5484 
Temperature (°C) 0,5051 0,6589 0,4813 0,1776 

Surfactant 0,5240 0,6373 0,4841 0,1532 

          

 

Table 21 shows that the best combination (ideal sample) of parameters obtained from 

the Grey analysis is a percentage of 2.5% (level 3), a curing temperature of 80°C (level 2) and 

the type of surfactant PEO (level 2). This is confirmed graphically in Figure 29. This is the 

same ideal sample as that used by the Taguchi method, both for initial wetting and after 3 weeks. 

This proves that, because the parameters and levels are more appropriate for altering wettability, 

with a much more significant improvement in this property than in thermal conductivity, the 

values of the wettability S/N ratio had a greater influence, even when placing the two properties 

equally, when the weight of each test was chosen in the Grey analysis to have 50% wettability 

and 50% thermal conductivity. 
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Figure 29 - Response from the initial Grey's relational analysis (0 h). 

3.3.3.2. Confirmation of initial Grey's results (0 h) 

After determining the optimal level of the parameters and confirming that this confi-

guration had not been executed in all the tests planned by the Taguchi orthogonal array, additi-

onal experiments were conducted to validate the results. First, using Eq.(8), the estimated Grey 

relational grade for the optimal combination, which was 2.5% - 80°C - PEO, was calculated. 

Subsequently, three tests were conducted using this optimal combination, called Ideal 

Sample Counterproof. From the results of the wettability and thermal conductivity tests, the 

S/N ratio of each test was calculated, as shown in Table 22. 

Table 22 - S/N initial wettability and thermal conductivity test (0 h) - Counterproof Ideal Sample. 

Sample S/N Wettability (dB) S/N Conductivity (dB) 

Counterproof - 1 -22,1916 -14,0667 

Counterproof - 2 -22,5551 -14,1904 

Counterproof - 3 -22,0692 -14,2325 

 

Applying the same methodology used previously, the Grey relational analysis was per-

formed using the data obtained from the counterproof tests, determining the Grey Relational 

Grade of the experiment. Table 23 presents the average of the initial Grey Relational Grades (0 

h), the estimated Grey Relational Grade by calculation, and the Grey Relational Grade from the 
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counterproof tests. Additionally, the table compares the percentage improvement between the 

calculated prognosis and the counterproof results of the optimal combination, with the average 

of the Grey relational grades. 

Table 23 - Comparison and improvement between relational degrees of Grey. 

Comparison and improvement between relational grades of Grey 

  Grey's Relational Grade 
Improvement in relation to the average of 

Grey's relational grades 

Average Initial Grey Relational 

Grades (0 h) 
0,5484 - 

Grey's Relational Grade Counter-

proof 
0,8325 52% 

Ideal Grey's Relational Grade cal-

culated 
0,8487 55% 

 

Based on Table 23, it can be seen that the Taguchi method and Grey's relational 

analysis achieved a 52% improvement in the process, compared to the calculated ideal of 55%, 

with the results being very close, showing that the theoretical value was consistent with the 

practical value. 

3.3.3.3. ANOVA analysis results 

ANOVA is now carried out on the Grey's ratio values obtained in the initial wettability 

and thermal conductivity tests (0 h). These values are shown in Table 20 and the ANOVA 

values are shown in Table 24. 

Table 24 - ANOVA values of the Grey's ratio analysis initial tests (0 h). 

Source DF Adj SS Adj MS F-Value P-Value % influence 

% 2 0,00573 0,00286 1,6 0,385 3,1513 

°C 2 0,03162 0,01581 8,81 0,102 17,3972 

Surfactant 2 0,14082 0,07041 39,23 0,025 77,4759 

Error 2 0,00359 0,0018     1,9751 

Total 8 0,18177       100 

 

These figures show that the type of surfactant has the greatest influence on the combi-

nation of wettability and thermal conductivity in an immediate analysis of the samples after 

curing, with approximately 77.5%. The curing temperature was the second parameter with 

17.39% and the surfactant concentration percentage came last with 3.15%. 
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3.3.3.4. Grey's relational analysis for trials after 3 weeks 

The Grey's ratio analysis of the final tests, after 3 weeks, was carried out in the same 

way as above, using the S/N ratio values obtained in the tests, Table 25. 

Table 25 - S/N ratio values for the final wettability and thermal conductivity tests after 3 weeks. 

Sample S/N Wettability (dB) S/N Conductivity (dB) 

1 -36,6744 -13,9534 

2 -28,6466 -14,1283 

3 -35,1175 -14,1019 

4 -32,0347 -14,1904 

5 -33,6933 -14,0667 

6 -31,5014 -14,0623 

7 -31,6526 -14,0099 

8 -25,1871 -14,0099 

9 -23,5450 -14,1460 

 

As previously mentioned, the step-by-step process for this method is the same. First, 

the data is reprocessed to normalize the results, Table 26. 

Table 26 - Normalized S/N values for final wettability and thermal conductivity tests, after 3 weeks. 

Sample S/N Wettability S/N Conductivity 

1 0 1 

2 0,6114 0,2619 

3 0,1186 0,3736 

4 0,3534 0,0000 

5 0,2271 0,5219 

6 0,3940 0,5404 

7 0,3825 0,7617 

8 0,8749 0,7617 

9 1 0,1873 

 

Next, the normalized S/N ratio values, Table 24, and Eq.(5) were used to calculate 

Grey's relational coefficient. Table 27 shows the |𝑥0𝑖 − 𝑥𝑖𝑗| values and, based on these values, 

the Grey's ratio coefficient is shown in Table 28. In the same way as for the initial tests, the 

value of the distinctive coefficient (ζ) of 0.5 was used for each test. 

Table 27 - |𝑥0𝑖 − 𝑥𝑖𝑗| values for final wettability and thermal conductivity tests after 3 weeks. 

Sample |𝒙𝟎𝒊 − 𝒙𝒊𝒋| Wettability |𝒙𝟎𝒊 − 𝒙𝒊𝒋| Conductivity 

1 1 0 

2 0,3886 0,7381 

3 0,8814 0,6264 

4 0,6466 1 
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5 0,7729 0,4781 

6 0,6060 0,4596 

7 0,6175 0,2383 

8 0,1251 0,2383 

9 0 0,8127 

 

Table 28 - Grey's relational coefficient values for final wettability and thermal conductivity tests after 3 weeks. 

Sample Grey's relational coefficient for wettability testing Grey's relational for conductivity testing 

1 0,3333 1 

2 0,5627 0,4038 

3 0,3619 0,4439 

4 0,4361 0,3333 

5 0,3928 0,5112 

6 0,4521 0,5211 

7 0,4474 0,6773 

8 0,7999 0,6773 

9 1 0,3809 

 

Finally, Table 28 and Eq.(7) are used to calculate the relational degree of Grey, shown 

in Table 29 along with the order of the results. 

 

Table 29 - Values for Grey's relational grade for the final wettability and conductivity tests, after 3 weeks. 

Sample Grey's relational degree Order 

1 0,6667 3 

2 0,4833 6 

3 0,4029 8 

4 0,3847 9 

5 0,4520 7 

6 0,4866 5 

7 0,5623 4 

8 0,7386 1 

9 0,6904 2 

 

Table 30 shows the average Grey's relational grade for each of the levels and the total 

average. In this way, it is possible to identify the best combination, and the higher the value of 

the Grey's relational grade, the better the combination. The best combination for the two tests 

presented, 50% for each test, is the sample with a 2.5% percentage surfactant concentration 

(level 3), at a curing temperature of 80°C (level 2) and BL4 surfactant (level 1). This can be 

seen graphically in Figure 30. This optimal combination was 37% better than the average of 

Grey's relational grades. 



  

74 

 

Table 30 - Response table for the Relational Grey grade for final wettability and thermal conductivity tests after 3 weeks. 

  Grey's relational degree   

Parameters Level 1 Level 2 Level 3 Max-Mín Total average 

Percentage % 0,5176 0,4411 0,6638 0,2227 

0,5408 
Temperature °C 0,5379 0,5580 0,5266 0,0313 

Surfactant 0,6306 0,5195 0,4724 0,1582 

          

 

 

 

Figure 30 - Response table for the Relational Grey grade for final wettability and thermal conductivity tests after 3 weeks. 

3.3.3.5. ANOVA analysis results 

In the same way as for the initial wettability and thermal conductivity tests, the Grey's 

relational grade values, Table 29, were used for the tests carried out after 3 weeks of curing. 

Table 31 shows that the factor that most influenced the combined wettability and thermal con-

ductivity after 3 weeks of curing was the percentage of surfactant concentration in the PDMS 

surfactant mixture, with approximately 57%. This was followed by the type of surfactant, with 

29.2%, and the curing temperature with only 1.1% influence. There was a difference in the 

percentages of influence of the parameters compared to the initial tests, which could again be 

explained by the choice of parameters that were not suitable for thermal conductivity, thus gi-

ving rise to an unexpected variation. 
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Table 31 - ANOVA values from Grey's relational analysis for the final wettability and thermal conductivity tests after 3 

weeks. 

Source DF Adj SS Adj MS F-Value P-Value % influence 

% 2 0,07682 0,0384 4,41 0,185 56,7621 

°C 2 0,00151 0,0008 0,09 0,92 1,1150 

Surfactant 2 0,03959 0,0198 2,27 0,306 29,2533 

Error 2 0,01742 0,0087     12,8695 

Total 8 0,13534       100 

3.4. Validation of the optimal wetting sample using the Taguchi method 

Based on the optimal sample presented in the Taguchi method, it was decided to carry 

out an application to validate this result. The best sample from the wettability test was chosen, 

as there was a very significant improvement in this aspect, while the improvement in thermal 

conductivity was practically insignificant. For this reason, it was decided to carry out the appli-

cation focused on wettability, and not on thermal conductivity or Grey's relational analysis, 

which considered 50% wettability and 50% thermal conductivity, thus having a great influence 

on the thermal conductivity part. 

It was therefore decided to carry out an application of microchannels, on pure PDMS 

and another with the ideal sample for wettability presented in the Taguchi method, a sample 

with 2.5% PEO cured at 80°C, to analyze the improvement. It is necessary to increase the 

hydrophilicity in PDMS for microchannel applications because greater hydrophilicity improves 

the flow of fluids by capillarity, allowing the liquid to move through the microchannels without 

the need for pumps or other forced movement devices. As well as, for other applications, redu-

cing the adsorption of proteins and cells on the channel walls and increasing compatibility with 

various aqueous reagents, this optimizes the performance of microfluidic devices, making them 

more efficient and simplifying their design and operation [100], [154], [155]. 

The fabrication of the microchannels was carried out in the same way as for the sam-

ples, the difference being that instead of pouring the mixture and the pure PDMS into the cir-

cular mold, Figure 19, it was poured into the microchannel mold, Figure 20. 
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3.4.1. Capillary Flow Studies 

Capillary flow tests were conducted to evaluate surface wettability by observing the 

self-movement of a fluid through the devices. A small volume of water (𝑣 = 100⁡𝜇𝐿) was pi-

petted at the inlet, and its flow was monitored by measuring the time, in seconds, required to 

reach the outlet of the device, Figure 31. The PDMS microchannels were fabricated using both 

control and bulk-modified PDMS. The results from the control samples showed that the hydro-

phobic nature of PDMS hinders the flow of a liquid, in this case, distilled water, through the 

channels (Figure 31A). Subsequently, tests were conducted on the devices with added surfac-

tant (Figure 31B), where the rapid and immediate movement of the liquid was clearly observed, 

the results are shown in Table 32, where two tests were carried out and the average of the tests 

was taken, with the control PDMS and 2.5% PEO cured at 80°C, the ideal sample for wettabil-

ity, immediately after curing (0 h) and after 24 h of curing. The fluid detachment time is given 

in seconds. 

 

Figure 31 - Samples of microchannels in a 10:1 ratio in (A) pure PDMS, control, and (B) PDMS mixed with 2.5% PEO sur-

factant cured at 80°C. 
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Table 32 - Capillary tests were carried out on the devices in Figure 20 at 0 hours and 24 hours after curing. The measure-

ments were obtained by measuring the fluid flow time(s). 

Microchannels 

Time (seconds) 

Control PDMS PEO 2.5% 80°C 

0 h 24 h 0 h 24 h 

A 
  

− * − * 63.04 86.67 

B 
  

− * − * 84.21 83.46 

C 

  

− * − * 50.12 52.65 

D 
  

− * − * 54.09 56.54 

* Due to the hydrophobic nature of PDMS, there was no fluid movement. 

The results showed that the samples modified with 2.5% PEO cured at 80°C exhibited 

a very considerable improvement compared to pure PDMS (control) as well as to some analyses 

with other methods in the literature. According to the data in Table 32, hydrophobic recovery 

was very low for microchannels C and D, with a low increase in capillary flow times, while it 

remained constant for microchannel B. Microchannel A had a significant increase in capillary 

flow times, from 63.04 seconds just after curing (0 h) to 86.67 seconds after 24 hours, indicating 

considerable hydrophobic recovery. Overall, hydrophobic recovery was low according to the 

capillary flow data presented, suggesting that the modification carried out with these parameters 

could be a good candidate for modifying the PDMS surface for in vitro studies. 

3.5. Conclusions 

The aim of this study was to optimize the wettability and thermal conductivity param-

eters of samples containing three types of surfactants: Polyethylene Oxide (PEO), Brij L4 (BL4) 

and Triton X-100 (TX-100). Three different concentration percentages of these surfactants were 

analyzed, with variations in curing temperature, using the contact angle as a criterion for wet-

tability and standardized criteria for thermal conductivity. To find the optimum combination, 

the Taguchi method and Grey's relational analysis were used, as well as analysis of variance 

(ANOVA) to assess the influence of each parameter on the results. 

The results showed that the best combination for wettability is a concentration of 2.5% 

PEO with curing at 80°C, both initially and after three weeks. Analysis of the graph of the 
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average S/N values showed that higher surfactant concentrations increase wettability, and 

among the parameters chosen, the type of surfactant was the most influential parameter, fol-

lowed by the curing temperature and, finally, the surfactant concentration. The type of surfac-

tant influenced the initial contact angle by almost 55%, while the curing temperature and sur-

factant concentration influenced it by 28% and 13.6%, respectively. After three weeks, surfac-

tant concentration became the most influential factor with 50.57%, followed by surfactant type 

with 28.88% and curing temperature with 20%. 

With regard to thermal conductivity, the best initial combination was 0.5% TX-100 

cured at 80°C, and after three weeks it was 2.5% BL4 cured at 25°C. However, the variation in 

thermal conductivity was not as significant compared to wettability, since the parameters cho-

sen are not suitable for this purpose. Grey's analysis for the initial tests (0 h) confirmed that the 

optimum combination, taking into account both tests, is 2.5% PEO cured at 80°C, a 52% im-

provement on the other samples made using the orthogonal Taguchi arrangement. Grey's rela-

tional analysis after three weeks showed 2.5% BL4 cured at 80°C and his analysis of variance 

showed that the surfactant concentration had the greatest influence, with approximately 57%, 

followed by the type of surfactant with 29.2% and the curing temperature with only 1.1%. 

Based on the results of the tests and methods, validation was focused on wettability 

due to the significant improvement observed in the reduction of the contact angle, while thermal 

conductivity showed little improvement. As a result, the sample with 2.5% PEO cured at 80°C 

was used to manufacture microchannels. Increased hydrophilicity in PDMS is essential for mi-

crochannel applications, as it improves the flow of fluids by capillarity, among other applica-

tions, optimizing the performance of microfluidic devices. According to the data obtained from 

the capillarity tests, hydrophobic recovery was low for microchannels C and D, while micro-

channel B remained constant. Microchannel A, however, showed a significant increase in ca-

pillary flow times, suggesting considerable hydrophobic recovery. Overall, the low hydropho-

bic recovery observed suggests that the modification performed may be promising for altering 

the surface of PDMS in in vitro studies. The effectiveness of the Taguchi method in optimizing 

wettability parameters was validated, showing the importance of considering both wettability 

and thermal conductivity in future studies and practical applications. 
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Chapter 4 

4.1. Global conclusions 

The comprehensive review of polydimethylsiloxane surface wettability and the opti-

mization study of wettability and thermal conductivity parameters highlight the importance and 

complexity of surface modification techniques to alter the inherent hydrophobicity of PDMS. 

Usually, four main strategies are addressed: oxygen plasma treatment, addition of surfactants, 

UV-ozone treatment and incorporation of nanomaterials. These techniques are widely used due 

to their greater availability of information, lower production complexity and reduced cost com-

pared to new emerging techniques. 

Each method has its specific advantages and challenges. Oxygen plasma treatment is 

effective in increasing the hydrophilicity of the surface by introducing polar functional groups 

through oxidation reactions. The addition of surfactants offers versatility for altering wettabil-

ity, with the choice and concentration of surfactant being essential for achieving the desired 

properties. UV-ozone treatment is considerable for its effectiveness in increasing surface en-

ergy, inducing oxidation and generating hydrophilic functional groups. The incorporation of 

nanomaterials into PDMS is a promising technique for modifying wettability, allowing adapt-

able surface properties through controlled distribution and interfacial interactions. 

The optimization study focused on the analysis of three surfactants (Polyethylene Ox-

ide - PEO, Brij L4 - BL4, and Triton X-100 - TX-100), varying their concentrations and curing 

temperatures. Using methods such as Taguchi, Grey's relational analysis and ANOVA, it was 

determined that the best combination for wettability was a concentration of 2.5% PEO cured at 

80°C, both initially and after three weeks. The analysis revealed that higher surfactant concen-

trations increase wettability, with surfactant type being the most influential parameter initially, 

while surfactant concentration became the most significant factor after three weeks. 

As far as thermal conductivity is concerned, the best initial combination was 0.5% TX-

100 cured at 80°C, and after three weeks it was 2.5% BL4 cured at 25°C. However, the variation 

in thermal conductivity was not as significant as in wettability, indicating that the parameters 

selected were not the most suitable for this specific purpose. Grey's relational analysis 
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confirmed that the optimum initial combination was 2.5% PEO cured at 80°C, providing a 52% 

improvement over the other samples based on Taguchi's orthogonal arrangement. 

Based on the results, the sample with 2.5% PEO cured at 80°C was used to manufac-

ture microchannels, due to the significant increase in hydrophilicity, which is essential for mi-

crochannel applications, improving the flow of fluids by capillarity and optimizing the perfor-

mance of microfluidic devices. The effectiveness of the Taguchi method in optimizing wetta-

bility parameters was validated, highlighting the importance of considering both wettability and 

thermal conductivity in future studies and practical applications. 

4.2. Future Directions 

In future work, the combination of the surface modification techniques analyzed in the 

literature review, together with the exploration of new emerging techniques, has great potential 

to meet the needs of various areas with lower costs and complexity. In addition, the use of 

wettability improvement techniques presented in this work together with thermal conductivity 

improvement techniques will enable a wider range of applications using PDMS. In addition, 

three new tests were carried out, namely PDMS adhesion to glass laminate, optical transparency 

and mechanical tests, to broaden the scope of knowledge about the properties of PDMS with 

surfactant.  
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