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ABSTRACT 

Understanding the complex process-structure-property relationships in textile finishing is critical for education and 

preliminary process screening. This study presents a novel interactive visualization framework to elucidate the dynamic 

effects of Glow Discharge Plasma (GDP) treatment on the wicking trends of Polyethylene Terephthalate (PET) fabrics. A 

semi-empirical computational model is developed to simulate the kinetic evolution of surface modification, coupling 

plasma-induced chemical hydrophilization with physical etching-induced roughness. Crucially, the model integrates a 

Wenzel-state wetting mechanism, linking nanoscale topographical changes to macroscopic fluid transport. Instead of 

aiming for absolute engineering predictions, the simulation outputs a Normalized Capillary Uptake Index (𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣), allowing 

users to intuitively compare the relative acceleration of wicking kinetics under varying power and time scenarios. The 

integrated tool visualizes these trends in real-time through 3D fiber surface rendering and 2D wicking animation. This 

framework serves as a powerful educational and exploratory tool, offering students and engineers a platform to 

understand the fundamental non-linear dynamics of surface finishing without the complexity of high-fidelity multiphysics 

simulations. 
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INTRODUCTION  

The performance and func�onal characteris�cs of modern tex�les are increasingly dictated by sophis�cated 

surface engineering techniques applied at the fiber level [1,2]. Processes such as plasma treatment, chemical 

gra�ing, and nanopar�cle coa�ng are employed to modify the topography and chemistry of fiber surfaces, 

thereby enhancing proper�es like hydrophilicity, hydrophobicity, dye uptake, and biocompa�bility [3,4]. 

Among these methods, low-temperature plasma treatment, par�cularly Glow Discharge Plasma (GDP), has 
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garnered significant aten�on for its efficacy, environmental cleanliness, and ability to impart desired 

func�onali�es without altering the bulk proper�es of the material [5,6]. By bombarding a polymer surface, 

like that of Polyethylene Terephthalate (PET), with energe�c ions and reac�ve species, plasma treatment can 

simultaneously etch the surface to increase its roughness and introduce polar func�onal groups, leading to a 

marked decrease in water contact angle and a corresponding improvement in wetability [7-9]. 

While the physical and chemical changes induced by these modifica�ons are well-documented through 

advanced analy�cal techniques such as Atomic Force Microscopy (AFM) and X-ray Photoelectron 

Spectroscopy (XPS), the direct, dynamic rela�onship between the modifica�on process parameters and the 

ul�mate macroscopic performance of the fabric can be difficult to grasp [10,11]. Tradi�onal research methods 

rely on sta�c data (e.g., graphs, tables, micrographs) that, while accurate, fail to capture the con�nuous and 

causal nature of this rela�onship [12]. A tex�le engineer seeking to op�mize a plasma treatment process, for 

example, must conduct numerous discrete experiments to understand how adjus�ng power or dura�on 

impacts a property like wicking speed [13,14]. This itera�ve, physical prototyping process is both �me-

consuming and resource-intensive. Consequently, there is a compelling need for a pedagogical and research 

tool that can bridge this conceptual gap, allowing for the dynamic explora�on of "what-if" scenarios in a 

virtual environment. 

This paper addresses this need by developing and presen�ng a novel methodology for the visualiza�on of 

fiber surface modifica�on and its impact on fabric performance using interac�ve anima�on. We focus on a 

specific, well-understood case study: the GDP treatment of PET fibers to enhance fabric wicking. The core of 

this research is the crea�on of a computa�onal tool that integrates empirical models of plasma-surface 

interac�on with physical models of fluid dynamics in porous media. This tool allows a user to interac�vely 

control key plasma parameters—power and treatment �me—and witness in real-�me the predicted changes 

in fiber surface morphology, contact angle, and the subsequent wicking behavior of the fabric. The 

contribu�on of this work is not the discovery of new physical phenomena, but rather the crea�on of a 

scien�fically grounded, interac�ve visualiza�on framework that makes the complex rela�onship between 

nanoscale modifica�on and macroscale func�on intui�ve, accessible, and explorable. This approach has the 

poten�al to accelerate material design, enhance student comprehension in tex�le science, and provide a 

pla�orm for more sophis�cated virtual experiments in the future. 
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MATERIALS AND METHODS 

Model Overview and Design Philosophy 

The primary objec�ve of this study is to develop an interac�ve visualiza�on framework that elucidates the 

dynamic rela�onships between plasma processing parameters and fabric performance trends. Unlike high-

fidelity mul�physics simula�ons intended for precise engineering predic�ons of specific fabric structures, the 

proposed model serves as a semi-empirical educa�onal and exploratory tool. It focuses on capturing the 

characteris�c kine�c trends—specifically the accelera�on of we�ng kine�cs and the evolu�on of surface 

morphology—under varying treatment condi�ons. The system integrates three coupled mathema�cal 

modules: (1) plasma-induced surface chemical modifica�on, (2) topographical evolu�on, and (3) simplified 

capillary transport dynamics. The output is presented as a normalized index to facilitate rela�ve comparisons 

of process efficiency. 

Plasma-Induced Surface Modification Model 

The modifica�on of the Polyethylene Terephthalate (PET) fiber surface is modeled as a func�on of two user-

controlled variables: plasma power (P, in Wats) and treatment �me (t, in seconds). 

Chemical Contact Angle Evolution 

The rapid reduc�on in the intrinsic water contact angle (𝜃𝜃chem) due to the introduc�on of polar func�onal 

groups (e.g., C-O, C=O) is described by an exponen�al decay func�on, consistent with adsorp�on kine�cs 

observed in surface modifica�on literature: 

 

𝜃𝜃chem(𝑡𝑡) = 𝜃𝜃𝑓𝑓 + (𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑓𝑓) ∙ 𝑒𝑒−𝑘𝑘𝑝𝑝(𝑃𝑃)∙𝑡𝑡                                                 (1) 

 

𝜃𝜃𝑖𝑖  (85°) represents the nominal contact angle for the untreated hydrophobic PET surface, and 𝜃𝜃𝑓𝑓  (35°) 

represents the satura�on limit for a fully hydrophilized surface. The modifica�on rate constant, 𝑘𝑘𝑝𝑝 , is 

modeled to scale linearly with plasma discharge power (𝑘𝑘𝑝𝑝 = 𝐶𝐶1 ∙ 𝑃𝑃), reflec�ng the higher flux of reac�ve 

species at elevated power se�ngs. 
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Surface Topographical Evolution 

Simultaneously, plasma etching increases the surface roughness (𝑅𝑅𝑎𝑎), modeled as a satura�on process where 

the etching rate competes with surface stabiliza�on: 

 

𝑅𝑅𝑎𝑎(𝑡𝑡) = 𝑅𝑅𝑎𝑎,0 + ∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚(𝑃𝑃) ∙ (1 − 𝑒𝑒−𝑘𝑘𝑒𝑒∙𝑡𝑡)                                            (2) 

 

Here, 𝑅𝑅𝑎𝑎,0  is the ini�al roughness (~5 nm). The maximum achievable roughness increase, ∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 , is 

propor�onal to the discharge power (∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐2 ∙ 𝑃𝑃), and 𝑘𝑘𝑒𝑒 is the characteris�c etching rate constant. 

Parameter Calibra�on: To ensure the visualiza�on reflects realis�c kine�c �mescales, the model parameters 

are fixed to representa�ve values derived from PET plasma treatment literature. Specifically, the 

hydrophiliza�on coefficient is set to 𝑐𝑐1  = 0.002 𝑠𝑠−1𝑊𝑊−1 , the etching magnitude coefficient is 𝑐𝑐2 =

0.1𝑛𝑛𝑛𝑛𝑊𝑊−1, and the etching rate constant is 𝑘𝑘𝑒𝑒 = 0.15𝑠𝑠−1. These explicit values ensure the reproducibility 

of the simula�on outputs and align the visualized trends and approximate orders of magnitude with 

representa�ve experimental observa�ons (e.g., roughness increases of 10–20 nm). 

Apparent Wettability and Wenzel Coupling 

A cri�cal feature of this framework, o�en omited in simplified models, is the coupling of surface chemistry 

and topography. As plasma treatment increases surface roughness, the wetability of the hydrophilic surface 

is further enhanced according to the Wenzel state (Figure 1). 
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Figure 1. Schematic representation of the Wenzel coupling mechanism. (a) Ideally smooth surface where wettability is governed 

solely by chemical modification (θchem). (b) Plasma-etched rough surface illustrating the Wenzel state 

 

The apparent contact angle (𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎), which governs the macroscopic capillary flow, is calculated as: 

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑟𝑟(𝑡𝑡) ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒(𝑡𝑡)                                                     (3) 

 

The roughness factor 𝑟𝑟(𝑡𝑡) (dimensionless) is derived from the calculated arithme�c mean roughness 𝑅𝑅𝑎𝑎(𝑡𝑡) 

(in nm) using a linear geometric mapping suited for the visualiza�on scale: 

 

𝑟𝑟(𝑡𝑡) = 1 + 𝛼𝛼 ∙ (𝑅𝑅𝑎𝑎(𝑡𝑡) −  𝑅𝑅𝑎𝑎,0)                                                    (4) 

 

where 𝛼𝛼 is a dimensional coupling coefficient set to 0.02 nm-1. This coefficient bridges the length scales, 

mapping the nanometric roughness increase (∆𝑅𝑅𝑎𝑎 ≈ 20 𝑛𝑛𝑛𝑛) to a macroscopic Wenzel roughness ra�o (r ≈

1.4), providing a qualita�vely consistent input for the capillary uptake model. To maintain physical consistency, 

the computed value of cos𝜃𝜃app  is capped at unity, ensuring that 𝜃𝜃app  remains within the physically 

admissible range. 

Simplified Capillary Uptake Dynamics 

To visualize the transient liquid transport behavior, the framework employs a simplified Lucas-Washburn 

approach. Since the primary focus of this tool is on the ini�al kine�c response and rela�ve comparison of 

treatment efficacy rather than equilibrium height predic�on in complex porous media, gravita�onal effects 

and pore tortuosity are omited in this trend-based model. 

The theore�cal capillary penetra�on length (ℎ𝑡𝑡ℎ𝑒𝑒𝑒𝑒) in an equivalent idealized capillary channel representa�on 

of the fabric structure is given by: 

 

ℎ𝑡𝑡ℎ𝑒𝑒𝑒𝑒(𝑡𝑡) = �
𝛾𝛾 ∙ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ cos 𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡)

2𝜂𝜂
∙ 𝑡𝑡                                                 (5) 
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where𝛾𝛾 is the surface tension, 𝜂𝜂 is the viscosity of the liquid, and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the effec�ve capillary radius. 

The parameter 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is treated as a fixed nominal geometric scale parameter represen�ng an effec�ve pore 

radius of the fabric structure. Its absolute value does not affect the rela�ve trends generated by the model 

and is selected solely to set a convenient �me scale for visualiza�on. 

Normalized Visualization Index 

To translate this theore�cal length into a bounded visual representa�on for the user interface and to avoid 

physical misinterpreta�on of infinite rise �mes, we define a Normalized Capillary Uptake Index (𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣): 

 

𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣(𝑡𝑡) = min�
ℎ𝑡𝑡ℎ𝑒𝑒𝑒𝑒(𝑡𝑡)
ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

, 1.0�                                                      (6) 

 

where ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   is a normaliza�on constant represen�ng the characteris�c observa�on window (e.g., the 

length of a fabric test strip). 𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 ranges from 0 to 1 (or 0% to 100%), represen�ng the rela�ve progression 

of the liquid front. This approach allows users to intui�vely compare the speed of uptake under different 

condi�ons (power/�me) without implying absolute predic�ons of equilibrium heights, which would require 

rigorous porous media modeling including gravity and evapora�on terms. 

Interactive Visualization Mapping 

The calculated parameters directly drive the interac�ve components of the GUI: 

 3D Fiber View: The surface mesh ver�ces are displaced using a procedural noise func�on, where the 

noise amplitude is propor�onal to the calculated 𝑅𝑅𝑎𝑎(𝑡𝑡) from Eq. 2, visualizing the etching effect. 

 2D Wicking Anima�on: The ver�cal posi�on of the liquid front is updated in real-�me based on 𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣(𝑡𝑡) 

from Eq. 6. 

 Dynamic Plots: The system plots 𝜃𝜃chem and 𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 to provide immediate quan�ta�ve feedback on the 

process-property rela�onships. 

RESULTS 

The results presented in this sec�on represent scenario-based simula�on outputs generated by the 

interac�ve tool. They are intended to illustrate the rela�ve dynamic trends of surface modifica�on and liquid 
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transport under varying plasma condi�ons, rather than to provide absolute physical predic�ons for specific 

commercial fabrics. The data confirms that the coupled mathema�cal models (Eqs. 1-6) successfully capture 

the non-linear dependencies between processing inputs and wicking performance. 

User Interaction and System Response 

The primary output of this work is the real-�me responsiveness of the visualiza�on pla�orm. Figure 2 

presents the complete graphical user interface (GUI). Users can manipulate the sliders and observe 

instantaneous feedback. For instance, se�ng the 'Plasma Power' to a low value (e.g., 75 W) results in a 

gradual decay in the displayed contact angle and a minor topographical change (∆𝑅𝑅𝑎𝑎< 10 nm). Conversely, 

maximizing parameters (200 W, 60 s) triggers the visualiza�on of a highly rough surface and a rapid drop in 

contact angle to the satura�on limit (𝜃𝜃𝑐𝑐ℎ𝑒𝑒𝑒𝑒 ≈ 35°), driving the wicking anima�on to comple�on significantly 

faster. 

 

 

Figure 2. presents the complete graphical user interface (GUI) 

 

Visualizing the Effect of Treatment Time 

Holding the 'Plasma Power' constant at a mid-range value (P = 150 W) and increasing 'Treatment Time' reveals 

the dis�nct �me-constants of the underlying models: 
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 Surface Chemistry:  The plot of Contact Angle vs. Time shows a sharp exponen�al drop that stabilizes 

within the first 10–15 seconds. This reflects the high reac�vity rate constant (𝑘𝑘𝑝𝑝 = 0.3 𝑠𝑠−1 at 150 W) 

defined in the model. 

 Topography: The 3D fiber surface roughens more gradually, following the etching rate constant 𝑘𝑘𝑒𝑒 =

0.15 𝑠𝑠−1. 

 Wicking Dynamics: Consequently, the simulated wicking speed increases rapidly for short treatment 

�mes (t＜20) and then plateaus, demonstra�ng the "diminishing returns" effect o�en observed in 

industrial processing. 

Visualizing the Effect of Plasma Power 

 By fixing the �me (t=20 s) and varying 'Plasma Power' from 50 W to 200 W, the tool highlights the power-

dependence of the modifica�on magnitude: Roughness Amplifica�on: Higher power se�ngs lead to a 

visibly rougher 3D fiber. At 200 W, the model generates a representa�ve roughness increase approaching 

~20 nm within the model’s nominal roughness scale (based on 𝑐𝑐2 = 0.1), compared to only ~5 nm at 50 

W. 

 Wenzel-Enhances We�ng: The tool demonstrates that this increased roughness at high power further 

amplifies wetability. The computed Normalized Capillary Uptake Index (𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣) for the 200 W scenario is 

significantly higher than the 50 W case, illustra�ng the synergis�c effect of chemical hydrophiliza�on and 

physical etching described by Eq. 3. 

Comparative Scenario Analysis 

 Figure 3 presents the quan�ta�ve output of the tool for two dis�nct processing scenarios: minimal 

treatment ( 50 W/5 s) and intensive treatment ( 200 W/60 s).The Low Treatment scenario results in a 

normalized index that rises slowly, reaching only a frac�on of the scale capacity. This corresponds to a 

surface that retains significant hydrophobicity (𝜃𝜃𝑐𝑐ℎ𝑒𝑒𝑒𝑒 remains high). 

 In contrast, the High Treatment scenario produces a steep uptake curve that quickly approaches the 

upper bound (𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 = 1.0) . This visually quan�fies how the combina�on of maximum chemical 

modifica�on and etching-induced Wenzel we�ng transforms the fabric's performance. 

Importantly, the parabolic shape of the curves reflects the underlying √𝑡𝑡 kine�cs of the short-�me Lucas–

Washburn-type kernel (Eq. 5), while the normaliza�on (Eq. 6) ensures the output remains within a 
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conceptually valid "progress" range (0-1) for educa�onal visualiza�on, avoiding physically unrealis�c infinite 

height predic�ons. 

 

 

Figure 3. Comparison of simulated uptake dynamics under two extreme scenarios. The plot shows the Normalized Capillary Uptake 

Index (Hvis) as a function of time. The 'High Treatment' curve (200 W, 60 s) approaches saturation (Hvis → 1.0) rapidly due to the 

combined effects of low contact angle and high Wenzel roughness, while the 'Low Treatment' curve (50 W, 5 s) shows a sluggish 

response 

 

DISCUSSION 

Coupling Surface Chemistry and Topography 

A key theore�cal contribu�on of this visualiza�on framework is the explicit coupling of surface roughness and 

wetability. While tradi�onal simplified models o�en treat contact angle as a purely chemical variable, our 

results demonstrate that at high plasma power (200 W), the physical etching contributes significantly to the 

accelerated uptake. By implemen�ng the Wenzel equa�on (Eq. 3), the model quan�ta�vely illustrates how 

the increased roughness factor (r) amplifies the hydrophilic effect of the polar groups. This helps users 

visualize a cri�cal physical concept: that effec�ve super-hydrophilicity is o�en a synergy of chemistry and 

geometry, not chemistry alone. 

Rationale for the Normalized Uptake Index 

In interpre�ng the wicking dynamics, it is crucial to understand the choice of the Normalized Capillary Uptake 
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Index (𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣) over absolute height values. Tradi�onal Lucas-Washburn kine�cs (ℎ ∝ √𝑡𝑡) imply infinite growth 

if unchecked. In real porous media, gravity and evapora�on eventually limit this rise. However, incorpora�ng 

these factors requires complex structural parameters (e.g., tortuosity, pore connec�vity) that are o�en 

unknown in a generalized explora�on context. By normalizing the output to a 0-1 scale (Eq. 6), we 

inten�onally isolate the kine�c trends (the "speed" of the process) from the equilibrium limits. This design 

choice prevents physical misinterpreta�on of the "infinite rise" while s�ll allowing users to clearly dis�nguish 

between the "sluggish" response of low-power treatment and the "rapid satura�on" of high-power scenarios. 

Limitations and Educational Scope 

It must be acknowledged that this tool is a simplified reduced-order model designed for conceptual 

understanding, not precise engineering design. 

 Gravity Omission: The model omits gravita�onal forces, which is why the output is strictly defined as a 

"kine�c index" rather than a physical height predic�on for long dura�ons. 

 Geometric Simplifica�on: The fabric is idealized as a bundle of effec�ve capillaries, ignoring the 

stochas�c nature of real yarn structures. Therefore, the tool is best u�lized for compara�ve trend 

analysis (e.g., "How much faster is 200W compared to 50W?") rather than absolute quan�fica�on (e.g., 

"The liquid will rise exactly 50mm"). 

CONCLUSION 

This research successfully demonstrates a "scenario-based" interac�ve simula�on tool for visualizing fiber 

surface modifica�on. By integra�ng semi-empirical kine�c models with a normalized fluid transport 

framework, the tool effec�vely captures the non-linear impact of plasma parameters on fabric performance. 

The study highlights two main achievements: 

1. Physical Insight: The incorpora�on of the Wenzel coupling mechanism allows the visualiza�on of how 

plasma etching enhances wetability beyond simple chemical modifica�on. 

2. Educa�onal Value: The introduc�on of the Normalized Capillary Uptake Index provides a robust method 

for comparing process kine�cs without ge�ng entangled in the complexi�es of gravita�onal equilibrium 

in undefined porous media. 

While not a subs�tute for physical experiments, this framework bridges the gap between abstract theory and 

observable phenomena. It provides a valuable pla�orm for tex�le engineering educa�on, enabling students 
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and researchers to rapidly screen process parameters and build an intui�ve understanding of surface finishing 

dynamics. 
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