
ABSTRACT 

WANG, FUJUN. Impact and Wicking Dynamics of Blood Droplets on Textile Surfaces. (Under 

the direction of Dr. Tiegang Fang). 

 

Droplet impact and wicking are the essential process in many industrial, agricultural, and 

automotive applications. An improved understanding of the dynamics in these two processes will 

benefit those droplet-related technological applications. Specifically, the research on the blood 

droplet impact and wicking on textile surfaces will provide fundamentally important perspectives 

for the application of bloodstain pattern analysis (BPA) in forensic science. 

Experimental and theoretical investigations have been carried out to study the impact and 

wicking dynamics for both blood and water droplets on both textile and non-textile surfaces, to 

have a thorough understanding of the inherent dynamics in droplet-surface interactions. 

Energy balance analysis is conducted in Chapter 2 for modeling the maximum spread factor 

(‍ ). A rim-lamella model for predicting ‍  is proposed with a better assumption of droplet shape 

at its maximum spread. The proposed model is validated by the experimental measurements for 

water droplets on different surfaces; and it is more accurate in predicting ‍  compared to previous 

ones. The strength and weakness of the new model in associated aspects are provided as well.  

Next, the dynamics of water droplet retraction after reaching the maximum spread are 

investigated on different surfaces in Chapter 3. Distinct droplet retraction modes are classified and 

the characteristics in different modes are compared accordingly. The influence of the droplet 

impact Weber number (ὡὩ) and surface wettabilities (in terms of advancing contact angle, —) on 

the droplet retraction rate are studied in detail and a semi-empirical model is derived for predicting 

such influence. In the end, certain similarity behavior during droplet retraction process is revealed.  

Furthermore, Chapter 4 reports a systematic parametric study of the influence of droplet 

impact velocity, fabric type, and droplet impact angle on blood droplet impact and wicking 



dynamics on fabrics. The analysis throughout the chapter emphasizes the independent analysis of 

two distinct process: blood droplet impact and the subsequent wicking process. The dimensionless 

bloodstain factor right after impact (‍ȟ) and the final bloodstain factor (‍ȟ) are used to quantify 

the evolution of bloodstain at different stages. The contribution of the post-impact wicking in 

forming bloodstains is evaluated as ‍ȟ ‍ȟ Ⱦ‍ȟ. Classical wicking theory is borrowed and 

modified to explain the dynamics of the complex wicking process after blood droplets impact on 

fabrics. The droplet impact velocity (or ὡὩ) significantly affects ‍ȟ but not ‍ȟ. It is also 

important in determining the contribution of wicking and wicking dynamics. Considerable 

differences are observed among different types of fabrics in terms of ‍ȟ, ‍ȟ, contribution of 

wicking, wicking dynamics, and their variation with ὡὩ. Blood droplet splashing characteristics 

are compared among these fabrics as well. Distinct bloodstain shapes are observed for blood 

droplet impact on fabrics with different impact angles. The more acute the impact angle, the larger 

aspect ratio the bloodstain will present. The subsequent wicking basically renders the aspect ratio 

to be smaller than that right after the inclined impact. In the end of this chapter, a new approach 

for a quantitative analysis of bloodstain shapes on fabrics is also proposed. 

Finally, in Chapter 5, the successful generation of single micro blood droplet is reported; 

and the formation of micro droplets and micro droplet impact dynamics are investigated. Optimal 

operating range is identified for the stable generation of single blood droplet in the droplet-on-

demand (DoD) mode. Micro blood droplet impact dynamics is compared with that of micro water 

droplets and millimeter-sized blood droplets. Effects of surface wettabilities on micro droplet 

impacts are revealed. In the end, the micro bloodstains formed by micro droplet impact on glass 

and plain woven fabric are briefly discussed.  
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CHAPTER 1: INTRODUCTION  

1.1 Motivation  and Background  

Droplet impact and wicking occur every day in both nature and industry. These two 

processes are closely related to the droplet wetting behavior on surfaces. Wetting is a general 

displacement of a solid-air interface with a solid-liquid interface [1]. In a broader sense, droplet 

impact can be regarded as a ñforced-wettingò process, in which the hydrodynamics of the 

impacting liquid droplet is involved. Wicking, or imbibition, refers to the spontaneous flow of a 

liquid into a porous substrate, which is driven by the capillary forces originated from wetting front 

in the capillary channels [1], [2].  

Research into the underlying physical process of these droplet-surface interactions is not 

only important from a fundamental perspective, but also beneficial to facilitate the development 

of many technological applications. These droplet-related applications include, but not limited to, 

spray coating [3], inkjet printing [4], pesticide control, additive manufacturing [5], 3D printed 

electronic materials and devices [6], microfluidics [7], and internal combustion engines [8]. In 

addition to industrial technologies, knowing the droplet dynamics is increasingly important to 

other interdisciplinary fields, such as the disease diagnosis based on a biological droplet deposit 

[9], bloodstain pattern analysis in forensic science [10], etc. 

Particularly, the research needs in this dissertation are for the development of a specific 

forensic technique: bloodstain pattern analysis (BPA). BPA is a common approach in forensics to 

provide information about the blood shedding events that occur at the crime scene through 

studying the shapes, size, distribution, and locations of bloodstains [11]ï[13]. One of the most 

important information a forensics investigator wants to know is the location of the blood source 

(also referred to Region of Origin (RO)), which is related to the corresponding group of 
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bloodstains. Generally, a common workflow for reconstructing the crime scene through BPA is: 

(1) detecting and locating the bloodstains; (2) analyzing bloodstains to get their impact conditions; 

(3) reconstructing the trajectories of blood droplets; and (4) determining the Region of Origin. 

Therefore, it is shown that prior to determining where the RO is, the blood droplet diameter (Ὀ), 

impact velocity (Ὗ) and impact angle (‌) are the inputs that must be known.  

Many works have been conducted in studying the relationship between these key 

parameters and the characteristics of detected bloodstains for simple surfaces, which are usually 

rigid and non-porous. Certain theories have been established for interpreting bloodstains on simple 

surfaces. For perpendicular impacts, two independent equations, which correlate the blood droplet 

maximum spread factor [14] (‍ Ὀ ȾὈ ὪͯὈȟὟ , with Ὀ  being the maximum spread 

diameter on the surface) with the number of spines in the bloodstain [15] ὔ ὫὈȟὟ , were 

employed to solve the original blood droplet diameter and impact velocity [16], [17]. Many works 

have been done to improve the correlation (ὪὈȟὟ ) for the maximum spread factor, which will 

be reviewed in detail in Chapter 2. It was shown that a universal scaling based on the Padé 

approximation, which is related to both the capillary and viscous regimes, could provide a simple 

and accurate way to predict the maximum spread factor for blood droplets impacting on simple 

surfaces [18], [19]. For non-perpendicular impacts, the above equations could be modified by 

incorporating the angle of impact (Ŭ), as presented in a few publications [20]ï[22]. For inclined 

impacts, the resulting bloodstains usually appeared in an elliptical shape with a stain width (ὡ) 

and a stain length (ὒ). The angle of impact (‌) was usually estimated by the trigonometric 

correlation ÓÉÎ‌ ὡȾὒ, which worked satisfactorily in practice [21].  

While for complex surfaces, like textiles, the current state of BPA is way from 

sophistication. Textile surfaces are commonly encountered at the crime scene, such as all kinds of 
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fabrics. These fabrics can be soft, porous, rough; and they usually have complex surface structures. 

The mechanism causing the bloodstains on textile surface is far more complicated, as it can involve 

droplet wetting, impact, and wicking simultaneously. Therefore, the theories for simple surfaces 

generally failed for the case of fabrics. For example, the trigonometric correlation in the above 

became inaccurate in predicting the angle of impact from the bloodstains on fabrics, especially for 

acute impact angles [23]. No clear correlations could be found between the bloodstain size and the 

impact velocities [24]. 

The gap of the BPA research for textiles lies in the lack of an in-depth fundamental study 

of blood droplet impact dynamics on textiles and the accompanying wicking dynamics. In the past 

twenty years, significant advancements have been achieved in understanding the instantaneous 

dynamics of the droplet impacting process thanks to the utilization of the high-speed video 

photography [25]. Distinct outcomes of droplet impacting, like deposition, splashing, partial 

rebound, total rebound, etc.,  have been visualized and identified on surfaces with different 

properties [26]. These classified regimes have been extensively examined by investigating the 

influence of a variety of factors in the corresponding dynamics, as summarized in a few 

comprehensive reviews that cover the works up to the year of 2015 [27]ï[29]. However, droplet 

impacting on textiles has received little attention as of 2020. Only a limited amount of studies 

focuses on droplet impacting dynamics on textiles, mostly on nylon and metallic meshes [30]ï[34] 

instead of the real fabrics [35], [36]. Improvements are also needed for a more accurate modeling 

of key impact parameters for simple liquids and surfaces, like the maximum spread factor [18], 

[19], [37], before these basic models can be extended to complex liquid drops and surfaces. 

Similarly, the current research [38]ï[40] in wicking dynamics is not sufficient to explain the 

accompanying droplet wicking process after its impacting onto the fabrics. Most of the works are 
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focused on the wicking behavior with a large liquid reservoir, with only one recent work [38] in 

2017 discussing the real blood droplet wicking process after its impact onto the fabric surface. 

1.2 Research Objectives 

The objective of this dissertation is to address the important research gap in BPA area, 

through investigating the blood droplet impact dynamics and the accompanying wicking dynamics 

on different fabrics. To accomplish the goal in this proposal, the following specific studies will be 

conducted systematically: 

Theoretical Study ï To understand and improve the state of the art in theoretical modeling 

of droplet impact and spreading process on non-textile surfaces.  

Parametric Study ï To investigate the blood droplet impact and wicking dynamics on 

fabrics with a focus on the effects of droplet impact velocity, droplet impact angle, fabric type, and 

fabric orientation.  

Extreme Experimental Conditions ï To study the impact and wicking dynamics of micro-

sized blood droplets.  

Application ï To apply the conclusions from the fundamental study of blood droplet 

impacting and wicking dynamics to advise the bloodstain pattern analysis on textiles. 

1.3 Outline 

Chapter 2 focuses on the theoretical modeling of maximum spread factor (‍ ) for an 

impacting water droplet on non-textile, solid surfaces with different wettabilities. The examined 

Weber number (We) falls between ρπ and ρπ. A new energetic model adopting a rim-lamella 

shape is theoretically derived. Comprehensive evaluations of the model and comparisons with 

previous models are conducted. Moreover, the proposed model is applied to predict energy 

conversion/dissipation during droplet spreading process and the effects of surface wettability on 
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‍ . The weakness of the current model for predicting ‍  at extremely low Weber number (ὡὩ

ρ) is also explained.  

Chapter 3 presents a detailed study of the retraction dynamics for water droplets impacting 

onto non-textile surfaces ranging from hydrophilic to superhydrophobic. Distinct retraction modes 

are classified for the droplet retraction process. The morphologies of retracting droplets in different 

modes and the characteristics of different retraction modes are compared in detail. The 

dependencies of the retraction rate on impacting velocities and surface wettabilities are 

investigated both experimentally and theoretically. Finally, the similarity behaviors during the 

droplet retraction process on solid surfaces are also studied.      

Chapter 4 reports a series of parametric studies of blood droplet impact and wicking 

dynamics on fabrics with focuses on the influence of droplet impact velocity, types of fabrics, and 

droplet impact angle. Three sets of experiments of blood drop impacts on fabrics are conducted 

separately and systematically. Regarding the impact dynamics, blood drop impacting 

morphologies, spreading factor after impact, and splashing dynamics are analyzed and discussed 

in detail. The contribution of wicking to the formation of final bloodstains is quantified. The blood 

drop wicking dynamics on fabrics are analyzed and compared with classical wicking theories. In 

the end, based on the obtained fundamental knowledge regarding blood drop impact and wicking 

on fabrics, new bloodstain analysis methods are proposed for the application of bloodstain pattern 

analysis (BPA) on fabrics. 

Chapter 5 shows the efforts in creating micro blood droplets and in investigating micro 

blood drop impact dynamics on a variety of non-textile surfaces with different wettabilities. The 

system for generating single micro blood droplet is introduced with plenty of details. The 

formation of micro blood droplet is compared with that of micro water droplet. The impact 
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dynamics of micro blood droplet are also compared with that of micro water droplet on different 

surfaces. Impact dynamics of millimeter-sized blood droplet with extremely low impact velocities 

are analyzed and compared with that of the micro blood droplet. In the end, the bloodstain pattens 

resulted from micro blood droplet impact are discussed.           

Chapter 6 summarizes the important conclusions of all the studies discussed in previous 

chapters. Moreover, some future work and possible research opportunities are discussed for droplet 

impact dynamics, droplet wicking dynamics, and bloodstain pattern analysis.   
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CHAPTER 2: IMPACT OF WATER DROPLETS ON NON -TEXTILE SURFACES : 

MAXIMUM SPREAD FACTOR  

The work presented in this chapter has been published in LANGMUIR [41].  

2.1 Introduction 

Knowing the maximum spread (Ὀ ) of an impacting drop (with an initial diameter Ὀ) is 

important in characterizing the underlying droplet impact dynamics on solid surfaces, as discussed 

in several comprehensive reviews [27], [29]. It is also closely related to the performance of inkjet 

printing and spray coating, heat transfer efficiency in spray/droplet cooling applications, size of 

the bloodstains formed by blood spattering or dripping in forensic science, etc. Predicting the 

dimensionless maximum spread factor (‍ Ὀ ȾὈ ) can be quite difficult as it requires a 

combination of the knowledge about the conversion among the surface energy (Ὁ), potential 

energy (Ὁ), kinetic energy (Ὁ) and corresponding dissipation mechanisms (ὡ ). Moreover, 

other factors can be involved when analyzing ‍  for droplets impacting onto spherical [42], 

structured [43], [44], and porous [45] surfaces or for droplets experiencing a magnetic field [46]. 

In order to tackle this problem, different approaches have been developed including energy 

balance, momentum balance and scaling analysis. 

In the momentum balance method [47]ï[50], the equation of motion of the rim/blob 

surrounding the central lamella is first derived. ‍  can then be obtained through the displacement 

of the moving rim/blob. The scaling method [18], [19], [37] is more empirical but very effective 

in predicting ‍ . The key point in this method is to seek appropriate scaling relationships 

regarding energy terms with respect to the liquid and surface properties. Moreover, the scaling 
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method is useful for obtaining a universal scaling of ‍  for both the viscous and capillary regimes 

[18], [19]. 

Different from the scaling method, the energy balance method seeks a more accurate 

depiction of energy conversion and dissipation terms. Early works based on the energy 

consideration include Refs [51] and [52]. Table 2.1 summarizes several representative energetic 

models which will be used for comparison in this paper. Similar comparison was made by Dong 

et al. [53]. Here we add the new models after 2003 to show more recent efforts in the model 

improvement. Generally, it is shown that major corrections over the years are made in terms of the 

viscous dissipation and surface energy. A common assumption used by these models is that the 

kinetic energy at the maximum spread is zero. Although some swirling motion can exist in the rim 

at the maximum spread [37], the kinetic energy is only less than 5% of the total energy as simulated 

by Lee et al. [54]. Here in the table, we did not include the correction in the gravitational energy 

term because of the relatively limited amount of work on it. 

Table 2. 1. Selection of theoretical models for predicting the maximum spread factor based on 

different corrections to the viscous dissipation and surface energy terms. 

Maximum spread models Viscous dissipation Surface energy 

Ref. Equation ɮ ɱ ὸ ὡ ? — Shape 
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Table 2. 1. (Continued).  
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Table 2. 1. (Continued).  
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À L denotes linear velocity gradient 
ÀÀ S denotes stagnation point flow 

2.1.1 Improvement in the Description of Viscous Dissipation 

For the viscous dissipation, it can be approximated as the following [55]: 

ὡ ᷿ ᷿‰Ὠ‫Ὠὸ
 

ɮɱὸ,                                                 (2.1) 

where ɮ is the averaged viscous dissipation function, ɱ is the dissipated volume where 

viscous dissipation occurs, and ὸ denotes the elapsed time taken for a droplet to reach its 
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maximum spread. As suggested by Pasandideh-Fard et al. [14], ɮ is further approximated using 

the characteristic velocity (Ὗ) and characteristic length (ὒ) as follows: 

ɮ ‘ .                                                          (2.2) 

In most of the research as summarized in Table 2.1, the droplet initial velocity (Ὗ) is taken 

as Ὗ for its simplicity. The characteristic length was simply considered as the droplet height (Ὄ ) 

at the maximum spread in an early publication [55] to calculate ɮ and ɱ (ɱ “Ὀ Ὄ Ⱦτ). Later 

in 1996, a model of an axisymmetric stagnation point flow was proposed to represent the liquid 

motion in the droplet [14].  

The resultant boundary layer thickness (‏) as below was suggested to replace Ὄ  as the 

characteristic length in the calculation of ɮ (ɮ ‘ὟȾ‏ ) and ɱ ɱ “Ὀ  :Ⱦτ‏

‏ ς
Ѝ

.                                                             (2.3) 

Furthermore, it was pointed out by Mao et al. [56] and Park et al. [57] that for some high-

viscosity liquids, where ‏ Ὄ , viscous dissipation can occur within the whole droplet volume. 

Therefore, the dissipated volume should stick to ɱ “Ὀ Ὄ Ⱦτ.  

The critical time ὸ is another important parameter in characterizing ὡ . From the very 

beginning, ὸ ὈȾὟ was substituted into Eq. (2.1) [55]. Later by Pasandideh-Fard et al. [14], 

ὸ ψὈȾσὟ  was derived by examining the temporal change of ‍ὸ. A doubt on the above 

description of ὸ was first raised by Lee et al. [61]. Comparisons with experimental data showed 

significant deviations for water, ethanol, and glycerol. As a result, ὸ Ὀ ȾὟ  was suggested 

instead. Two more recent publications [62], [63] adopted a similar critical time scale as ὸ

Ὀ ȾςὟ. However, the calculated ὸ still deviated a lot from the experimental data as shown by 

Huang and Chen [63]. The last correction to the viscous dissipation reviewed here is the inclusion 
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of the spontaneous spreading process. It was proposed by Park et al. [57] that a certain portion of 

energy could be spontaneously dissipated during the early stage of the droplet impact process. Li 

et al. [59] utilized a dissipation coefficient ὅ to calculate the spontaneous dissipation (ὡ ). It 

was found that neglecting ὡ  would lead to larger ‍ . Moreover, Huang and Chen [63] further 

adopted a critical velocity (Ὗᶻ) to calculate ὡ , which is regarded as the extra dissipation during 

ñinterface relaxationò process. 

2.1.2 Review of the Treatment of the Surface Energy 

Unlike the viscous dissipation, corrections to the surface energy term (Ὁ) have received 

less attention so far. However, it has been pointed out that both the surface energy and the viscous 

dissipation are important in predicting ‍  [54]. We here attempt to review the depiction of Ὁ 

from available literature and organize them according to the selection of the contact angle (—) and 

the model of droplet shapes.  

The ñsurface energyò should consist of both the droplet surface energy and the solid surface 

energy. This will introduce the contact angle (—) through Youngôs equation [64]. The contact angle 

derived in this way is uniquely related to the surface tension and should inherently be the 

theoretical Youngôs contact angle (—) [56], [58]. In practice, — was usually approximated by the 

equilibrium contact angle (—). It was measured at the end of each experiment after the droplet was 

at rest. For an ideal surface, — is unique. However, for ñrealò surfaces, the advancing contact angle 

(—) can be different from the receding contact angle (—). A stable — is much harder to obtain. 

—  was first suggested to replace — [14]. It was further pointed out that —  can be a good 

approximation of — [58] if viewing the surface as a specific model of a heterogeneous vertical 

strip surface [65]. Another sort of — used in some works [54], [62], [63] is called a hydrodynamic 

contact angle at the maximum spread (— ). Different from —, —  can involve hydrodynamic 
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effects, which cannot represent solely the surface energetic effect, as criticized [58]. However, it 

is shown in Refs [54], [61] that —  generally keeps the same at different impact velocities, 

meaning that it mainly depends on the nature of the fluid and solid surface. Moreover, it was 

claimed by Huang and Chen [63] that such a —  can account for the dissipative work at the contact 

line, which was ignored by almost all the existing models. Details of how —  can account for the 

extra dissipation mechanism were not presented though. Other selections of — may also include 

the plateau contact angle [66]. The importance of selecting an appropriate — in the model can also 

been seen from the work by Vadillo et al. [66] for the prediction of the maximum spread. 

The droplet shape is another important factor affecting the calculation of Ὁ  at the 

maximum spread. From Table 2.1, it is shown that most models use the cylindrical disk 

assumption. The total surface energy (Ὁȟ ) at the maximum spread can be written as follows: 

Ὁȟ Ὁȟ Ὁȟ ,                                                    (2.4) 

where Ὁȟ  denotes the interfacial energy of the liquid-vapor interface and Ὁȟ  is for the 

covered solid area by the liquid droplet. For the cylindrical disk model, Ὁȟ  consists of the energy 

of the upper circular disk and the surrounding area of the cylinder. For the early publications [14], 

[55] in Table 2.1 marked with asterisk, the surrounding area was even neglected. This is wrong for 

low- and medium-Weber number (ὡὩ) conditions, as the size of surrounding area can be 

comparable to that of the circular disk. The shape of a spherical cap was assumed at the maximum 

spread in the work by Park et al. [57] and Li et al. [59], especially for low-ὡὩ impact conditions. 

However, it is not sufficient to describe the actual droplet shape at medium- or higher-ὡὩ 

conditions, where a rimmed-disk shape (surrounding rim + central lamella/film) dominates [67]. 

Gao and Li [60] constructed a ring-like shape to approximate the actual droplet shape at the 

maximum spread. In such a droplet structure, the surrounding rim was assumed to be semicircular 
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and the volume of the central liquid film was neglected. Moreover, one recent publication by 

Yonemoto and Kunugi [62] used the harmonic average of the droplet surface of a spherical cap 

and of a cylindrical disk to approximate the droplet shape at its maximum spread.     

2.1.3 Summary of the Literature Review  

Although a certain amount of research exists, debates are still ongoing about appropriate 

assumption of droplet shape at its maximum spread. Neither the cylindrical disk nor the spherical 

cap model can well describe the actual droplet shape at the maximum spread for a wide range of 

Weber numbers (i.e., ὡὩ ρπͯ ρπ). The selection of the contact angle in the available models 

is also confusing. In this work we will focus on the above two unresolved issues related to 

description of the surface energy term. We will revisit the energy approach to derive a new 

energetic model for predicting ‍  of an impacting droplet. This new model will be validated by 

the experimental results on six well-prepared, smooth surfaces with different wettabilities and 

certain contact angle hysteresis (ɝὌ — —). A more reasonable, unifying lamella/rim model 

approximating the actual droplet shape at the maximum spread will be incorporated. Remarks on 

the selection of — will also be given in the end. 

2.2 Materials and Methods 

2.2.1 Visualization Method and Fluid Properties 

Experimental setup consists of a high-speed imaging system for capturing drop impact 

process and a low-speed/high-resolution imaging system for measuring contact angles. The high-

speed visualization part is similar to what was used by Wang and Fang [68]. The imaging 

resolution is around 22‘άȾὴὭὼὩὰ for ὡὩ ρππ and τς‘άȾὴὭὼὩὰ for ὡὩ ρππ due to 

equipment limitation: for high ὡὩ with large ‍ , the object is less magnified in order to capture 

the full droplet profile, thus resulting in a lower resolution. Different from the Ref. [68], the 
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deionized (DI) water droplet is generated from a commercial, stainless steel needle of gauge 24 

instead of the previous piezoelectric droplet generator. In the current experiment, DI water has a 

density of ” ωωψ ὯὫȾά , viscosity of ‘ ψȢω ρπ ὖὥȢί, and surface tension of „

χρȢωχὨώὲȾὧά. The generated droplet has a diameter of ςȢυ πȢράά and impacts onto target 

surfaces from 10 different heights varying between σ άά and ρφππ άά. Therefore, the impact 

velocity can change from πȢπφ άȾί to around τȢχ άȾί. In the contact angle measurement system, 

the high-speed camera and the macro lens are replaced with a Canon 70D DSLR camera and an 

Infinity® long-distance microscope, respectively. A final resolution of 4.4‘άȾὴὭὼὩὰ is reached 

for measuring contact angles. The advancing (—) and receding (—) contact angles are measured 

using the sessile drop method [64]. The contact angle measurement setup is sketched in Fig. 2.1. 

A certain volume (ͯφȢχ‘ὒ) of DI water is pre-deposited on the tested surface. A syringe needle of 

gauge 30 is immersed in the droplet very close to the surface top. A computer-controlled push-pull 

syringe pump adds or removes liquid from the pre-deposited drop at a constant flow rate of 0.1 

άὒȾάὭὲ. The low flow rate is intended to eliminate any induced inertial effects during the contact 

angle measurement.    

 

Figure 2. 1. Sketch of the setup for measuring contact angles using sessile drop technique.  
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2.2.2 Characterization of the Substrates 

The surfaces used in the experiments are microscope glass slide, acrylic sheet, silicon 

wafer, Teflon sheet, and polydimethylsiloxane (PDMS) substrates. Prior to each set of 

experiments, the surfaces were rinsed with ethanol and DI water and then dried with compressed 

air. The PDMS samples were fabricated by spin-coating the Dow Corning Sylgard 184 Silicone 

Elastomer mixture with two different base/curing agent ratios: 10:1 and 40:1 on silicon wafers and 

curing at 120ᴈ in a vacuum oven [69], [70]. The resulting thickness of the PDMS substrates were 

measured as ͯρππ‘ά. The roughness of the six surfaces (Glass, Acrylic, Silicon, Teflon, 

PDMS101, PDMS401) were measured using a stylus profilometer (Mitutoyo Sj-310). The 

wettability of these surfaces was characterized by the sessile drop technique described above in 

terms of — and —. The contact angle measurement was conducted for both sides of the sessile 

drop and repeated three times for each substrate. On surfaces such as Glass, Acrylic, Silicon, 

Teflon, and PDMS101, with the least interference of the inertial effect, liquid generally advances 

(increasing ‍) with a stable — and recedes (decreasing ‍) with a constant —, which is smaller 

than —. ñStick-slipò phenomenon [71] was observed for PDMS 401 surface (see Appendix A.1). 

During the receding process, once the contact angle is smaller than a certain value, the three-phase 

contact line (TPCL) will suddenly retract. In this case, we consider the constant lower limit as the 

receding contact angle (—).  

We also want to briefly list two more contact angles that are commonly used in the 

modeling of ‍  of an impacting droplet. The first one is the equilibrium Young contact angle (—), 

which is calculated as follows for a real surface with contact angle hysteresis [72]:  

— ÃÏÓ                                                    (2.5) 

where 
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ɜ
Ⱦ

, ɜ
Ⱦ

.                              (2.6) 

This correlation is true for smooth surfaces used in the current study. The second is the 

averaged dynamic contact angle at the maximum spread —Ӷ . —Ӷ  is an averaged value from 

different ὡὩ and does not vary much with ὡὩ (see Appendix A.2). It should be noted that the 

measurement of —  are conducted using the high-speed imaging setup. Only the data for ὡὩ up 

to 60 have been used in the contact angle calculation. For ὡὩ φπ, the resolution is relatively 

low as 41.92 ‘άȾὴὭὼὩὰ and the trailing rim of the impacting droplet is quite thin, which makes it 

difficult to get accurate measurement of the contact angles. Finally, Table 2.2 summarizes all the 

available contact angles for the six substrates which will be used in the energetic models. The 

roughness measurement of the six surfaces is also included in Table 2.2. 

 

Table 2. 2. Summary of different contact angles (static, quasi-static, dynamic) and measurement 

of roughness for the six substrates. 

Substrates 

Roughness 

Ὑὥ ‘ά 

Static Quasi-static Dynamic 

— — — —Ӷ 

Glass 0.0037 στЈ τφЈςЈ ςρЈςЈ υφЈσЈ 

Acrylic 0.0061 φπЈ χρЈσЈ τωЈρЈ χπЈσЈ 

Silicon 0.0042 ψςЈ ωςЈςЈ χτЈςЈ ωρЈςЈ 

Teflon 0.35 ωυЈ ρπχЈςЈ ψυЈςЈ ρπψЈσЈ 

PDMS101 0.029 ρππЈ ρρψЈςЈ ψψЈςЈ ρρυЈσЈ 

PDMS401 0.44 υψЈ ρσψЈςЈ ςτЈςЈ ρςψЈσЈ 
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2.3 Derivation of the Rim-Lamella Model 

This part is dedicated to developing a new energetic model for the prediction of maximum 

spread factor. Figure 2.2 demonstrates an overview of the whole post-impact droplet developing 

process. The evolution of droplet morphology, oscillation mode, energy and dissipation terms are 

shown along the timeline. Since the maximum spread is the focus of the present work, only process 

0-1 will be considered. The droplet energy at the initial state, right before impact, is the sum of 

kinetic energy (Ὁȟ) and surface energy (Ὁȟ): 

Ὁȟ Ὁȟ ”Ὗ “Ὀ “Ὀ„ Ὀ”Ὗ “Ὀ„.                 (2.7) 

 

 

Figure 2. 2. Overview of the whole post-impact droplet developing process. 

The term „ in the above sections is by default to represent the surface tension between 

liquid and vapor phases („ ). At state 1 when the maximum spread is achieved, it is a common 

practice to assign a zero kinetic energy term (Ὁȟ π) as suggested in the introduction. During 
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the process from state 0 to state 1, three kinds of dissipation mechanisms exist: viscous dissipation 

(ὡ ) within the boundary layer, spontaneous dissipation (ὡ ) associated with ñinterface 

relaxationò [63] and contact line dissipation (ὡ ) due to moving TPCL [43], [44], [73]ï[77]. 

Based on the energy balance, the following equation is obtained: 

Ὁȟ Ὁȟ ὡ ὡ ὡ Ὁȟ.                                           (2.8) 

Viscous dissipation Viscous dissipation is estimated from Eq. (2.1) and (2.2). In the 

proposed model, we adhere to the stagnation point flow model [14]. The choices of the regarding 

terms are as follows: ὒ Ὗ ,‏ Ὗ , ɱ “Ὀ Ⱦτ, and ὸ‏ Ὀ ȾςὟ . It finally yields the 

following estimated viscous dissipation [63]: 

ὡ
Ѝ

.                                                             (2.9) 

Spontaneous dissipation As is suggested by Huang and Chen [63], the spontaneous 

dissipation is related to the relaxation of interface and adopts the following description:  

ὡ ‌
Ѝ

,                                                         (2.10) 

where Ὗ is the critical velocity and ὙὩ is the associated critical Reynolds number, which 

are obtained through the energetic analysis of the spontaneous spreading of a droplet on the 

surface. ‌ is the coefficient to denote the portion of the whole spontaneous dissipation it can take 

until the maximum spread. ‌ ρ for Ὗ Ὗ, while ‌ ὟȾὟ for Ὗ Ὗ.      

Contact line dissipation The equilibrium contact angle of an droplet on an ideal surface 

(smooth, homogeneous, and rigid) can be obtained from the Youngôs equation [64]: 

„ „ „ ὧέί—.                                                  (2.11) 

„ , „ , and „  are the surface tensions for solid/vapor, solid/liquid, and liquid/vapor 

interfaces, respectively. For drop impact on real surfaces with contact angle hysteresis, extra 
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contact line dissipation can exist as discussed in Refs [43], [44], [73]ï[77]. As are suggested by 

Refs [78], [79], the difference between the quasi-static contact angles (— for advancing process 

and — for receding process) and the Young contact angle (—) can be quantified by a friction force 

acting on the TPCL as illustrated in Fig. 2.3.  

 

Figure 2. 3. Force balance at the three-phase contact line (TPCL) during receding, equilibrium 

and advancing phases. 

When TPCL advances with a high advancing contact angle, it experiences a friction force 

Ὢ that can be calculated as below: 

Ὢ „ „ „ ÃÏÓ— „ÃÏÓ— ÃÏÓ— .                        (2.12) 

When TPCL recedes with a lower receding contact angle, the friction force Ὢ changes its 

direction to prevent TPCL from moving. Force balance analysis gives the following expression for 

Ὢ: 

Ὢ „ „ „ ÃÏÓ— „ÃÏÓ— ÃÏÓ— .                         (2.13) 

From the above analysis, the friction dissipation at TPCL during process 0-1 can be 

calculated as follows [43], [44], [73]ï[76]: 

ὡ „ÃÏÓ— ÃÏÓ— ᷿ ς“ὶὨὶ
Ⱦ 

„Ὀ ÃÏÓ— ÃÏÓ— .          (2.14) 

Surface energy: rim-lamella model A unifying rim-lamella model with a variable lamella 

thickness for different impact Weber numbers and a variable contact angle of the rim for substrates 

with different wettabilities is proposed to represent the droplet shape at its maximum spread. The 

„ „

„
— —

„

„ „Ὢ„ „

„

Ὢ

TPCL during advancingTPCL at equilibriumTPCL during receding

—
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structure of the droplet shape is sketched in Fig. 2.4 with a cartesian coordinates system centered 

at the base of the droplet on the surface. The droplet at the maximum spread (denoted as Ὀ ) 

consists of a surrounding rim and a central lamella. A similar structure has been proposed and 

utilized in some publications to study the rim dynamics and energy balance during drop spreading 

[47]ï[50], [67]. Here, we would like to incorporate the effects of surface wettability on the 

maximum spread factor (‍ ) into the rim-lamella model by applying the dynamic contact angle at 

the maximum spread (— ) to the surrounding rim as shown in Fig. 2.4. Moreover, the 

dimensionless number ‖ denotes the ratio of the thickness of the central lamella to the surrounding 

rim. In the proposed model, the cross-section of the surrounding rim adopts the shape of a spherical 

cap with a radius of ὶ. The height of the rim is denoted as Ὄ  and the width of the central lamella 

can be represented as ςὙ. Based on the droplet structure, two geometric relations between the rim 

and the lamella can be obtained as follows: 

ὶ  ,                                                        (2.15a) 

and 

Ὑ Ὀ Ὄ  .                                              (2.15b) 

 

Figure 2. 4. Sketch of the droplet structure at its maximum spread 
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The volume of the structure in Fig. 2.4 can be calculated by adding the volume of the 

surrounding rim and the central lamella: 

ὠ ᷿ “Ὑ ὶ ώ ὶὧέί— Ὠώ “ὙὌ “Ὑ ‖Ὄ .  (2.16) 

By applying the volume of conservation to the impacting droplet (ὠ “ὈȾφ), the 

following auxiliary equation can be obtained through the substitution of Eq. (2.15) and (2.16): 

 ‚
Ⱦ

‍ ‚ ‚

‖‚ ‍ ‚ .                                        (2.17)  

In Eq. (2.17), ‍ Ὀ ȾὈ  is the maximum spread factor, and ‚ ὌȾὈ is the 

corresponding dimensionless rim thickness at the maximum spread. 

Combining Eq. (2.12), the surface energy of the solid-liquid-vapor system can be written 

as follows: 

Ὁ Ὓ „ Ὓ „ „ „Ὓ Ὓ ÃÏÓ— .                     (2.18) 

At the maximum spread, the area of the liquid-vapor interface should include the area of 

both the surrounding rim and the central lamella: 

Ὓ ᷿ ς“ Ὑ ὶ ώ ὶὧέί—  Ὠώ ς“ὙὌ ȿρ

‖ȿ “Ὑ .                                                     (2.19) 

The solid-liquid interface is covered by the bottom of the droplet. Therefore, its area can 

be simply calculated as: 

Ὓ “Ὀ .                                                     (2.20) 
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By substituting Eq. (2.15), (2.19) and (2.20) into (2.18), the surface energy at the drop 

maximum spread can be written as follows: 

Ὁȟ Ὀ „ρ ὧέί— “„ ÓÉÎ— ίὭὲ— ρ ὧέί—

ςρ ὧέί— ςὌ Ὄ ȿρ ‖ȿ .       (2.21) 

Substituting Eq. (2.7), (2.9), (2.10), (2.14) and (2.21) into (2.8) and normalizing the 

equation with Ὀ  yield the dimensionless form of the energy balance equation: 

 ὡὩ ρς
Ѝ

‌ ‍ σρ ὧέί— ‍ ρς ÓÉÎ—

ίὭὲ— ρ ὧέί— ςρ ὧέί— ς‚ ‚ ȿρ ‖ȿ . 

(2.22) 

Equations (2.17) and (2.22) are the two governing equations for the new model. It should 

be noted that ‖ is also an unknown at the current stage and it can be quite different at different 

impact conditions. One can imagine that at a relatively low Weber number, the lamella thickness 

can be comparable to the rim height (large ‖). However, at high Weber number, a very thin lamella 

will occur, which gives a small value of ‖. Therefore, ‖ is then assumed to be correlated with the 

impact Weber number as follows:  

‖ ὪὡὩ.                                                     (2.23)     

With the knowledge of ‖ as derived in the next, the spread factor and the dimensionless 

rim height can be obtained by solving these non-linear equations simultaneously.  

2.4 Results and Discussion 

In the following discussion, the investigation of ‖ will first be demonstrated. Then, a 

comprehensive evaluation of our new model will be provided. Comparison with other recent 
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models will be included. Brief discussions will be given on the weakness of this new model. 

Finally, the proposed model will also be extended to study the energy conversion/dissipation 

during drop impact and the effects of the wettability (—) on the maximum spread factor. 

2.4.1 Scaling of the Lamella/Rim Thickness Ratio ‖ 

 

 

Figure 2. 5. Actual droplet shape at maximum spread and its corresponding simplified model at 

representative Weber numbers.  

To verify the above proposed relationship between ‖ and ὡὩ, we have to first examine the 

droplet shape from experimental observations. Figure 2.5 summarizes representative droplet 

shapes at the maximum spread for different Weber numbers. These different deformation modes 

as a function of Weber number have also been found by Wildeman et al. [80] from simulations 

when studying drop impact on no-slip and free-slip surfaces. At an extremely small Weber number 

(ὡὩ πȢρ), the droplet basically remains its spherical shape. When ὡὩ goes a little higher to 

ὡὩ ρȢυ, flat surface occurs around the top of the droplet, indicating a surrounding rim is formed. 

In this case, ‖ should be larger than 1, corresponding to the existence of the spherical top above 
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the rim. When the Weber number increases to ὡὩ υȢτ, the spherical top flattens to a similar 

height to the rim. Moreover, no hollow structure is observed beneath the rim top. Therefore, at 

such a Weber number, the lamella thickness is roughly the same as the rim height (‖ ρ). When 

the Weber number goes even higher to ὡὩ ρσȢτ, a concave shape can be roughly observed 

located below the rim top. In this case, a certain distance still exists between the concave bottom 

and the solid surface (π ‖ ρ). However, at a very high Weber number (ὡὩ τςχȢρ), the 

central lamella can be very thin compared to the surrounding rim. Subsequently, a hollow ring-

like shape can be a good approximation (‖ π). 

It is seen that the droplet shape at the maximum spread cannot be represented solely by a 

spherical cap, a cylinder, or a hollow ring-like shape for the whole range of Weber numbers. The 

proposed variable lamella/rim model can depict those different deformation modes with a variable 

‖ as shown in Fig. 2.5. The parameter ‖ should physically satisfy the inequality: ‖ π. Two 

special cases of ‖ ρ and ‖ π correspond to the cylindrical shape and hollow ring-like shape, 

respectively. The lamella thickness Ὄ  is not available via current visualization setup. 

Experimental measurement of the lamella thickness could be fulfilled by certain 3D measurement 

techniques, i.e., Digital Inline Holography (DIH), which should be conducted for further validation 

of the current model in the future. Some numerical works [48], [81] were conducted previously to 

study the flow in the lamella. But the investigation of Ὄ was only presented for some selected 

Weber numbers. The lamella thickness was experimentally measured by Lagubeau et al. [82], but 

the comparison with the rim height was not presented. In the current work, only the maximum 

spread factor ‍  and the rim height at maximum spread Ὄ  are experimentally available. The 

experimental values of ‖ based on the proposed droplet structure can be then calculated from Eq. 

(2.17). For the current study, ‖ is assumed to be only a function of the single variable ὡὩ as 
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aforementioned. Therefore, a regression analysis is conducted to find a semi-empirical correlation 

for ‖ with respect to ὡὩ in the following form:     

‖ ὃ ὡὩ  ὃȟὄ π.                                              (2.24) 

 

Figure 2. 6. Variation of the lamella/rim thickness ratio ‖ with different Weber numbers. The 

dashed line demonstrates the best fitting to correlate the experimental data with R-square = 0.85. 

The equation above can inherently satisfy the trend of ‖ as summarized in Fig. 2.5. Figure 

2.6 plots the variation of the calculated ‖ with the Weber number for the six surfaces. At large 

ὡὩ, it is shown that ‖ does approach an asymptotic value around zero. For ὡὩ υπ, the variation 

of ‖ for all the six surfaces generally collapses to a single curve. Differences do exist for different 

surfaces, especially at low and medium ὡὩ. At extremely low Weber number (ὡὩ πȢρ), an 

abrupt decrease of ‖ was noticed in our calculation. For hydrophobic surfaces, such as Teflon, 

PDMS101 and PDMS401, ‖ becomes even smaller than zero, which contradicts the physical limit 

of ‖ for the proposed model. This is because at extremely low Weber number, the detection of the 

rim height can be very difficult, as the droplet tends to be more like a spherical cap. Therefore, we 

took the height of the droplet as the rim height in this case, which inherently overestimates the 
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actual rim height. This indicates that the proposed model may not be suitable for extremely low-

ὡὩ cases on hydrophobic surfaces. This can also be shown from the evaluation of the proposed 

model in the next. For the regression analysis in current study, we eliminate the data points for 

extremely low-ὡὩ cases (ὡὩ πȢρ) and only demonstrate the calculated values of ‖ for ὡὩ

πȢφ in Fig. 2.6. The dashed line in Fig. 2.6 denotes the empirical correlation that can best fit the 

averaged experimental ‖ of the six surfaces. The optimal values of ὃ and ὄ turn out to be 1.07 and 

0.17, respectively. The resultant R-squared value is 0.85 for the data from all the surfaces.  

2.4.2 Evaluation of the New Model 

Up to this point, all the governing equations required for solving ‍  have been derived. 

The solution of ‍  can be obtained through solving Eq. (2.17), (2.22), and (2.24) simultaneously. 

Efforts in this part will first focus on the evaluation of the new model for the investigated ὡὩ. 

Variation of the portion of different energy and dissipation terms will be demonstrated. Effects of 

the advancing contact angle (—) on ‍  will be analyzed in the end.  

Nine selected models from Table 2.1 are first compared with the current experimental data 

(see Appendix A.3). The model by Li et al. [59] is not included here because the coefficients of 

ὅ and ὅ are still unknown, which are required to solve ‍ . From the experimental results, two 

features can be observed. First, it is shown that ‍  is the biggest for droplet impacting on the Glass 

surface (with the smallest —), while the smallest on the PDMS401 surface (with the largest —). 

The relation of ‍ ȟ ‍ȟ ‍ ȟ ‍ ȟ ‍ȟ ‍ ȟ  is 

always true when ὡὩ ρππ, which indicates wettability dominates in this regime. Second, when 

ὡὩ ρππ, ‍  for the six different surfaces collapses to the same and the wettability effect dies 

out. So, these two experimentally observed features can generally serve as the two criteria to 

evaluate different theoretical models. Some of these models cannot predict the two features very 
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well due to inappropriate selection of contact angle [55]ï[57] or calculation of spontaneous viscous 

dissipation [58] for our examined surfaces with certain CAH. Moreover, deviations shown by two 

specific models [57], [60] indicate that neither spherical-cap nor ring-like shape can be assumed 

for the full range of investigated ὡὩ.  

Figure 2.7 compares the newly proposed rim-lamella model with the experimental data for 

the six examined surfaces. It is shown that this new model can generally well predict the maximum 

spread factor for a full range of Weber numbers from ρπ to ρπ. The above two criteria can be 

well satisfied. Especially for ὡὩ ρ, the predictions for all the three surfaces are more accurate 

than that for ὡὩ ρ as validated by the experimental data. 

 

Figure 2. 7. Comparison of the prediction of ‍  from the newly proposed model with the 

experimental data for Glass, Acrylic, Silicon, Teflon, PDMS101 and PDMS401 surfaces. 

To better quantify the improvement in the proposed model, an L2 error is defined as: 

‐ ȟ ȟ

ȟ
,                                                    (2.25) 

where ‍ ȟ
  and ‍ȟ

  are the experimentally measured and theoretically predicted 

maximum spread factor. ᴁ‍ᴁ is the L2 norm [83] of the maximum spread factor ‍ . Table 2.3 

ⱥ ⱥ
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summarizes the least-square error for the 9 previous models and the current new model. It is shown 

that the current model gives the best overall prediction for the whole range of Weber number 

(ὡὩ ρπ ρͯπ) among other available models. The least-square errors for all the six examined 

surfaces are below 10%. To further investigate the capability of the proposed model, the relative 

error at each experimental ὡὩ condition has also been investigated (see Appendix A.4). It is 

shown that within the full ὡὩ region ρπ ὡὩ ρπ, relative errors for more hydrophilic 

surfaces (Glass, Acrylic, Silicon) are smaller than 10%. This indicates that the proposed rim-

lamella model can have a stable, accurate prediction of ‍  for hydrophilic surfaces with relatively 

small —. For hydrophobic surfaces (Teflon, PDMS101, PDMS401 in current study), although the 

relative error can be as high as 25% when ὡὩ ρ, it generally decreases to much smaller values 

below 5% for high Weber numbers (ὡὩ υπ). This also explains why PDMS101 and PDMS401 

even have smaller overall Least-square error albeit the existence of large local errors for small 

Weber numbers.  

Table 2. 3. Least-square error (‐) of different models for the six surfaces. 

Substrate [55] [14] [56] [57] [58] [60] [61] [62] [63] Current  

Glass 5.7 25.8 28.1 47.6 20.5 26.3 14.7 10.3 9.1 5.9 

Acrylic 16.6 14.2 11.5 30.3 8.5 26.8 11.8 8.2 7.8 7.1 

Silicon 22.6 12.3 6.9 27.8 5.7 25.5 8.9 10.2 13.5 4.3 

Teflon 26.9 12.5 7.8 25.8 8.6 24.3 12.3 8.9 18.7 6.9 

PDMS101 25.0 10.1 5.7 27.0 13.0 30.7 14.5 11.4 12.7 3.0 

PDMS401 14.5 8.9 27.6 50.2 12.5 30.7 13.7 10.2 12.3 4.4 

*  Numbers are in percentage.     
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Weakness of the rim-lamella model Before extending the rim-lamella model to investigate 

the energy dissipation and effects of wettability, we would like to make brief comments on the 

weakness of the proposed model. First, a ñtransition pointò can be observed at ὡὩ ρȢτχ on each 

prediction curve in Fig. 2.7, which connects two curve segments. The gradients of the two curve 

segments at the ñtransition pointò are different. Such gradient discontinuity is more obvious for 

hydrophobic surfaces (Teflon, PDMS101, PDMS401) than in the other three surfaces. Moreover, 

with the existence of the gradient discontinuity, the variation of ‍  decreases abruptly, leading to 

inaccurate predictions for ὡὩ ρ on Teflon, PDMS101 and PDMS401 surfaces. Physically, the 

ñtransition pointò marks the change of a convex central lamella (‖ ρ) to a concave central 

lamella (‖ ρ). From the experimental data, it is shown that the rim-convex central lamella shape 

cannot well represent the shape of droplet at maximum spread when ὡὩ ρ for hydrophobic 

surfaces. The second weakness lies in the neglect of the viscoelastic effects [84]ï[86] for 

PDMS401 surface. The viscoelastic substrate is so soft that wetting ridge can be formed during 

the advancing process of TPCL [87], which can yield extra energy dissipation mechanism.   

2.4.3 Analysis of Energy Dissipation and Effects of Wettability (—) 

In Fig. 2.8, the proportion of the viscous dissipated energy (ὡ ȾὉȟ Ὁȟ ), the 

spontaneous dissipation (ὡ ȾὉȟ Ὁȟ ), the friction dissipation at the TPCL (ὡ ȾὉȟ

Ὁȟ ), and the surface energy (ὉȟȾὉȟ Ὁȟ ) at the maximum spread are plotted as a function 

of ὡὩ for the five surfaces excluding PDMS401 (due to the unknown viscoelastic dissipation), 

based on the new model. Generally, for all the five surfaces at small ὡὩ, a significant amount of 

the initial energy is transferred to the surface energy at the maximum spread. With the increase of 

ὡὩ, the proportion of Ὁȟ decreases. On the other hand, the energy dissipated by viscous effects 

is tiny at small ὡὩ. However, it can increase to a very high value with the increase of ὡὩ. The 
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variation trend of the proportion of viscous dissipation and surface energy are consistent with the 

simulation results by Lee et al. [54]. The proportion of the friction dissipation ὡ  decreases with 

the increase of ὡὩ and generally stays below 10%. Friction dissipation at contact line (ὡ ) is 

more dominant for PDMS101 than the other four surfaces. At low ὡὩ, it is shown that the 

spontaneous dissipation related to ñinterface relaxationò should account for the major part of 

energy dissipation.  

 

Figure 2. 8. Variation of the proportion of different energy terms at the maximum spread with 

ὡὩ (ὡὩ ρȢτχ) for droplet impacting on Glass, Acrylic, Silicon, Teflon and PDMS101 

surfaces. 

With this new model, the influence of contact angle on the maximum spread for droplet 

impacting onto smooth, rigid surfaces can be further scrutinized. As shown in Eq. (2.22), both the 
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advancing contact angle (—) and the dynamic contact angle at the maximum spread (— ) are 

involved in determining the maximum spread factor (‍ ). In the derivation of the proposed model, 

— is introduced by the contact-line dissipation, while — is involved by considering the droplet 

shape at the maximum spread. In the current study, —Ӷ  is used as an approximate of —  as 

aforementioned. As can be seen from Table 2.2, —  is almost the same as — for Acrylic, Silicon, 

Teflon and PDMS101 surfaces. However, for Glass and PDMS401, —  can be different from — 

with a difference of ρπЈ. A detailed study of such deviation shall be carried out in the future to 

determine whether the difference is caused by either the impacting inertia effects, the viscoelastic 

behavior of PDMS401, or by the error of the measurement (currently, —  is measured from high-

speed video with a resolution of 22‘άȾὴὭὼὩὰ, while —  is measured with a resolution of 

4‘άȾὴὭὼὩὰ). Considering the small difference, for the current investigation of the effect of 

wettability on ‍  for rigid surfaces, we would like to assume that — — and thus, only — is 

involved in the model. It has also been validated that such a small difference between —  and — 

does not result in obvious deviation in the prediction of ‍  (see Appendix A.5). Therefore, the 

variation of ‍  with — is plotted in Fig. 2.9 for 6 different ὡὩ conditions varying between ρπ 

and ρπ. It is shown that at the same ὡὩ, ‍  generally decreases with the increase of —. This 

makes sense as a high — means more hydrophobic, which tends to prevent the droplet from 

spreading. Moreover, from Fig. 2.9, the influence of — on ‍  is shown to be weaker as ὡὩ 

increases. At high ὡὩ, the inertial effect dominates over the wettability in determining ‍ . This 

finding is also consistent with the observation of data collapse in Fig. 2.7 for all the six different 

surfaces. The effect of the advancing contact angle (—) on the spreading process has also been 

recently elaborated by Jiang et al. in the study of spreading force during spontaneous spreading of 

a droplet [76]. 
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Figure 2. 9. Effect of advancing contact angle (—) on the maximum spread factor for droplet 

impacting onto rigid, smooth surface with different Weber numbers: ὡὩ

ρȟρπȟυπȟςππȟυππȟρπππ. 

2.5 Conclusion 

In the present work, we conducted both experimental and theoretical investigations of the 

maximum spread factor (‍ ) of an impacting drop onto solid surfaces with different wettabilities 

and certain contact angle hysteresis (CAH). The experiment was done with deionized water on six 

surfaces (Glass, Acrylic, Silicon, Teflon, PDMS101, PDMS401) with different — . The 

experimental impact Weber numbers (ὡὩ) falled between ρπ  and ρπ. The quasi-static 

advancing (—) and receding (—) contact angles were measured with the sessile drop technique. 

The dynamic contact angle at maximum spread (— ) was measured through the high-speed 

videos.   

A detailed derivation of the rim (with variable — )-lamella (with variable ‖) model was 

provided in this work. Compared to previous models, the new one features two major 



   

34 

 

modifications in approximating actual droplet shape at maximum spread. First, the influence of 

the dynamic contact angle at maximum spread (— ) is incorporated in the model to account for 

the curvature of the rim, which is determined by the surface wettability. The other modification 

focuses on the depict of the central lamella at its maximum spread. It is shown that different droplet 

deformation modes exist at different ὡὩ. This indicates that none of the cylinder, spherical-cap, 

or hollow ring-like shape can depict the droplet shape for a wide range of ὡὩ, i.e., ρπ ὡὩ

ρπ. In the new model, a variable lamella/rim thickness ratio ‖ is suggested, where ‖ is found to 

well scale as ‖ͯ ὃὡὩ  (ὃȟὄ π). Such a scaling relation enables us to describe the droplet 

shape for all the six surfaces at different ὡὩ in a unifying manner.     

A comprehensive evaluation of the new theoretical model has been presented. Comparison 

with the experimental data shows that the new model can well recover the two features of the 

experimental observations: (1) ‍ ȟ ‍ ȟ ‍ ȟ ‍ ȟ ‍ ȟ

‍ ȟ  is true for ὡὩ ρππ, and (2) ‍  of the six surfaces collapses when ὡὩ ρππ. The 

L2-error analysis demonstrates the improvement of this new model in predicting ‍  for a wide 

range of ὡὩ. The L2-error of the predictions by the new model are smaller than 8% for all the six 

examined surfaces. Further investigation of the variation of the local relative error indicates that 

the new model is most accurate for droplet impact with ὡὩ ρπ ρͯπ on hydrophilic surfaces 

and for droplet impact with ὡὩ ρπͯ ρπ on hydrophobic surfaces.  

Based on the new model, the energy transfer and dissipation were studied for drop impact 

process till its maximum spread. The variation trend of the portion of viscous dissipation and 

surface energy are generally consistent with the simulation results by Lee et al. [54]. It is shown 

that the surface energy occupies a large portion especially when ὡὩ ρπ. This indicates the 

high necessity of accurately approximating droplet shape as it is related to the calculation of the 
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surface energy at maximum spread. For low Weber numbers, interface relaxation (spontaneous 

dissipation) is found to account for the major energy dissipation.  However, for a high Weber 

number ὡὩ ρπ, most portion of the energy is taken away by the viscous dissipation. The 

approximation of the droplet shape and the inclusion of the friction dissipation are not that 

important anymore. Finally, the proposed model is used to study the effect of — on the maximum 

spread factor ‍ . Generally, it is found that a higher — leads to a smaller ‍  as the surface gets 

more hydrophobic. The influence of — weakens as ὡὩ becomes higher, when the inertia starts to 

dominate in determining ‍ .                    

In the end, we would like to point out that our study suggests that there exists anomaly in 

the new model when predicting ‍  for extremely small ὡὩ (especially for droplet impacting onto 

hydrophobic surfaces). Currently, we hypothesize that this anomaly is from the approximation of 

the droplet shape. The current rim-lamella model cannot approximate the shape of a spherical cap 

very well. Further theoretical efforts should be devoted to better incorporating the shape of a 

spherical cap into current model. Moreover, further experimental investigations of the real 3D 

droplet structure at the maximum spread are highly desired to improve the current model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

36 

 

CHAPTER 3: IMPACT OF WATER DROPLETS ON NON-TEXTILE SURFACES: 

RETRACTION DYNAMICS  

The work presented in this chapter has been published in PHYSICAL REVIEW FLUIDS [88].  

3.1 Introduction 

Retraction of impacting droplets upon partially wettable surfaces is usually observed 

following the impact-induced spreading process. For hydrophobic/superhydrophobic substrates, 

part of or even the whole impacting droplet can rebound off the surface. Efforts have been devoted 

over the last twenty years to either enhancing [89]ï[98] or inhibiting [99]ï[107] the retraction 

process, depending on the applications. For applications such as inkjet printing, pesticide 

deposition on crops [105], [108], thermal-/electro-spray coating [109], [110], and spray cooling, 

an efficient deposition of droplets and longer contact time on the solid surfaces are desired. On the 

contrary, for the fabrication of substrates with the ability of self-cleaning [111] and anti-icing 

[112], a strong retraction process and a reduced contact time should be achieved. 

Motivated by controlling the retraction process, the potential influencing factors on droplet 

retraction have been extensively studied. Dilute particles laden in an aqueous phase, such as 

nanoparticles [102], polymers [99], [102] and surfactants [101], [107], have been shown to 

significantly alter the droplet retraction process and thus suppress droplet rebound. However, the 

mechanism of how these polymer particles affect the retraction process is still in debate [99], [113]. 

Other important factors include the surface temperature [114]ï[116], surface micro and macro 

structure [91], [94], [98], [117], surface motion [106], [118], surface 

elasticity/viscoelasticity/flexibility [95], [103], [119], [120], ambient pressure [92], and 

asymmetry of the impacting droplet [104], [121], [122].  
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All the investigations above mostly focused on two important parameters that characterize 

the droplet retraction process. Namely, the contact time and the retraction speed ὠ

άὥὼὙὸ , or retraction rate ‭ ὠ ȾὙ . Ὑὸ is the temporal evolution of the droplet 

spreading radius and Ὑ  denotes the maximum spread radius achieved at the end of spreading 

process. The contact time of a bouncing drop on a superhydrophobic surface is first investigated 

by Richard et al. [123] with a conclusion that the contact time does not depend on the impact 

velocities within the investigated range (πȢς ςȢσ άȾί). Later, it was further shown by Okumura 

et al. [124] that the contact time significantly increases at a low impact velocity ( πȢρ άȾί). The 

plateau contact time at a large impact velocity is found to be well scaled as ͯ”ὙȾ„ Ⱦ, which 

is the same as the period of free drop vibration derived by Rayleigh [125]. More recently, Antonini 

et al. [126] identified an intermediate phase between the moment when the impacting droplet stops 

spreading and when it starts to recoil, which is characterized by the time elapsed at the maximum 

spreading, ɝὸ. It is found that ɝὸ is in the order of a few milliseconds. Moreover, ɝὸ is found 

to decrease with increasing Weber number (ὡὩ ”ὈὠȾ„) and decreasing surface wettability.        

The pioneering research in the retraction rate is conducted by Bartolo et al. [127]. Aqueous 

droplets with different viscosities were used for droplet impacting experiments on a hydrophobic 

surface with relatively high impact velocities. It was first shown that the normalized retraction 

curves ὙὸȾὙ  ὺί ὸ) collapse into a single curve and the corresponding retraction rate does 

not depend on the impact velocity. Moreover, they demonstrated a dynamic transition from an 

inertia receding regime to a viscous receding regime with an increasing Ohnesorge number (ὕὬ

‘Ⱦ”„Ὀ ). A semi-quantitative model for the retraction rate was derived from the classical 

theories for thin film dewetting [128], [129]. This model was later validated by Eggers et al. [48] 

when theoretically studying the motion of the surrounding rim and the central lamella. The theory 
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was further modified by Zhu et al. [130] when numerically investigating the droplet retraction on 

a solid sphere, and Damak and Varanasi [131] when studying the retraction dynamics for drop-on-

drop impacts on nonwetting surfaces. However, a recent experimental work by Bobinski et al. 

[132] showed that the droplet retraction rate does depend on the impact velocity. They also 

demonstrated that for a smaller droplet diameter the dependency of the retraction rate on the impact 

velocity is stronger.   

The brief review shows the importance of droplet retractions in many applications. 

However, the retraction dynamics of impacting droplets onto solid surfaces and its influencing 

factors are still not well understood. Compared to the amount of research in modeling the 

maximum spread factor, which is an important parameter characterizing the spreading process for 

an impacting droplet, the fundamental study of the retraction rate characterizing the receding 

process has received much less attention. The study of retraction dynamics by Bartolo et al. [127] 

was limited to one substrate with a specific static receding contact angle, —ȟ ψυЈȢ Although 

there have been some succeeding works [110], [114], [126], [133] discussing the retraction of 

water droplets on surfaces with a wide range of wettability, the retraction dynamics was not 

investigated in a comprehensive manner.  

Moreover, it was found that the retraction curves on a Teflon substrate (—ȟ ψυЈ) shown 

in Fig. 3.1 cannot simply collapse into a universal shape as suggested by Bartolo et al. [127]. The 

intermediate phase, noted by Antonini et al. [126], has not received equal attention when studying 

the droplet retraction dynamics. To address these concerns, we have conducted droplet impacting 

experiments on a series of surfaces from hydrophilic to superhydrophobic with ὡὩ ranging from 

as low as 0.1 to the order of 1000, in order to systematically investigate the droplet retraction 

dynamics. The parameter value of the current study falls within the inertia-capillary (IC) regime 
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[127] as shown in Table 3.1. Particularly, the droplet retracting morphologies, distinct retraction 

modes and corresponding retraction rate, and the scaling of retraction curves are discussed. 

Hopefully, this systematic analysis could provide fundamental knowledge for future study of 

retraction dynamics with more complexed liquids and surfaces. 

 

Figure 3. 1. Temporal evolution of the spreading factor (ὙὸȾὙ ) for water droplets impacting 

on a Teflon surface at ὡὩ πȢρͯρπππ. 

Table 3. 1. Wettabilities, roughness, and impact conditions for the six surfaces in current study 

Substrates Wettability — (deg) — (deg) Ὑὥ ‘ά ὡὩ ὕὬ 

GLASS Hydrophilic τφ ς ςρ ς πȢππτπȢππρ πȢςͯψφς 

0.002 

ACRYLIC Hydrophilic χρ σ τω ρ πȢππφπȢππρ πȢςͯψψω 

SILICON Hydrophobic ως ς χτ ς πȢππτπȢππρ πȢρͯχσχ 

TEFLON Hydrophobic ρπχς ψυ ς πȢσυ πȢπψ πȢςͯωρς 

STEFLON Superhydrophobic ρτφς ρσχσ σȢτρ πȢρς πȢψͯψτχ 

SGLASS Superhydrophobic ρυψς ρυσρ τȢψχ πȢφρ πȢφͯψςω 

 

3.2 Materials and Methods 

Six substrates with different wettabilities are used in the current study. Four of them are 

the same as used by Wang et al. [41]: microscope glass slide, acrylic sheet, silicon wafer and 

╦▄
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Teflon sheet. Two superhydrophobic surfaces are added in this work. The first one is fabricated 

by sanding Teflon with a 220-grit sandpaper, as is proposed by Nilsson et al. [134]. The original, 

smooth Teflon plate has a thickness of 3 mm and it is mounted on a piece of glass to obtain a flat 

surface. Sanding has no preferred direction and it takes approximately 1 minute. Then, the sanded 

Teflon is cleaned with ethanol, rinsed with deionized water, and finally dried with compressed air.  

The second superhydrophobic surface used here has been investigated and well 

characterized in some previous works [120], [135]. It is fabricated by spraying a commercial 

superhydrophobic solution NeverWet onto a piece of clean glass. The two-layer coating process 

firstly sprays the base coat (without nanoparticles) onto the clean glass and then covers it with the 

top coating (with hydrophobic nanoparticles, Ὠ υπὲά). Totally, 3 layers of base coat and 4 

layers of top coating are applied to make one superhydrophobic surface. The 2D and 3D-

reconstructed structures of the sanded Teflon and NeverWet-coated glass are illustrated in Figs. 

2(a) and 2(b), respectively. The wettabilities of the six surfaces, including the quasi-static 

advancing (—ȟ) and receding (—ȟ) contact angles, are characterized by a sessile drop method 

using the same setup as Wang et al. [41]. The roughness of these surfaces is measured using a 

stylus profilometer (Mitutoyo Sj-310). Both the wettabilities and roughness are summarized in 

Table 3.1, with STEFLON standing for the sanded Teflon and SGLASS for the superhydrophobic 

coated glass. 

 

Figure 3. 2. 2D and 3D images by confocal microscopy for (a) sanded Teflon and (b) NeverWet-

coated glass. 

Sanded Teflon NeverWet-coated Glass

(a) (b)
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As found by Antonini et al. [136], —ȟ is a key wetting parameter affecting the droplet 

retraction. The broad range of —ȟ (ςρЈͯρυπЈ) achieved in the current study is expected to show 

a relatively complete picture of how wettability influences the droplet retraction dynamics. The 

two hydrophilic surfaces (GLASS, ACRYLIC) and the two hydrophobic surfaces (SILICON, 

TEFLON) are considered as smooth substrates. However, for the two superhydrophobic surfaces, 

transition from Cassie-Baxter [137] to Wenzel [138] wetting state, which are considered for rough 

surfaces, can occur during droplet retraction. 

The droplet retraction dynamics is recorded using a high-speed imaging system with more 

details described by Wang & Fang [68]. Specially, the imaging resolution is around ςς‘άȾὴὭὼὩὰ 

for ὡὩ ρππ and τς‘άȾὴὭὼὩὰ for ὡὩ ρππ, which enables us to capture a full impacting 

droplet at 4400 frames per second. The high-speed videos are subsequently processed via a 

customized image processing code in MATLAB. In the current study, a higher frame rate (45,454 

fps) is also employed at a reduced resolution for selected ὡὩ. Comparison between the 45,454-

fps data and the 4400-fps data shows that the latter is capable of fully resolving the relatively slow 

droplet retraction process. Deionized (DI) water droplets are generated by a syringe pump 

equipped with a stainless-steel needle of gauge 24. The properties of DI water are listed as follows: 

density, ” ωωψ ὯὫȾά ; viscosity, ‘ ψȢω ρπὖὥȢί; and surface tension, „  χρȢωχ ὨώὲȾ

ὧά. The generated droplet has a diameter of ςȢυ πȢρ άά and it impacts onto target surfaces 

from 10 different heights varying between 3 and 1600 mm. As a result, the impact velocity varies 

between πȢπφ άȾί and τȢχ άȾί.   
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3.3 Results and Discussion 

3.3.1 Morphology of Retracting Profiles 

Abundant phenomena during droplet retraction are observed from the high-speed videos, 

such as singular jets, partial rebound, total rebound, and receding breakup. Since most of these 

phenomena have been already reported in quite a few works, we would like to briefly summarize 

the observed phenomena with a focus on the droplet retraction process. All the image sequences 

below start from the maximum spread of the impacting droplet and end at the moment when the 

droplet finishes its retraction on the surface. 

Hydrophilic and hydrophobic surfaces Figures 3.3(a) and 3.3(b) demonstrate the droplet 

retraction process at selected times for different ὡὩ on ACRYLIC and TEFLON. The scale is 

indicated by the red line segment. At a very low ὡὩ ( ρͯ), the three-phase contact line (TPCL) 

remains pinned on ACRYLIC, while on TEFLON a slight retraction can be detected. At a small 

ὡὩ ( φͯ), droplet retraction can be temporally and spatially resolved on both surfaces. Initially, 

the top of the droplet silhouette remains flat and the contact angle keeps almost the same, while its 

height is decreasing. This period is similar to the so-called ñrim periodò as observed by Wang and 

Fang [68], during which only the surrounding rim can be observed from the side-view images. 

Droplet retraction can only start when the central lamella is well beyond the height of the 

surrounding rim. For this type of droplet retraction, the contact angle is found to first decrease and 

then increase back at the end of the retraction process. One interesting thing noted here is the 

capillary wave propagation during the retraction process. The upper motion of the central lamella 

releases a capillary wave which propagates towards the TPCL along the droplet interface. 

When ὡὩ grows even higher, droplet retraction appears more obvious. Similarly, the 

contact angle has to decrease to a certain threshold before the TPCL can retract. The droplet first 
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starts to retract on the surface while the contact angle does not experience much change. At a later 

stage of the retraction process, the central lamella grows higher and keeps moving upward. Like 

what is observed for the low-ὡὩ case, the capillary wave brought by the upward motion of the 

central lamella gradually propagates toward the TPCL. The dynamic receding contact angle 

reaches its minimum when the capillary wave arrives at the TPCL. It should be noted here that the 

retraction discussed in this study refers only to the retraction of the TPCL of the major droplet on 

the surface. The tiny droplets generated for high ὡὩ can hinder the view of the TPCL of the major 

droplet and make the algorithm detection inaccurate. In this case, manual detection was employed 

to find the correct TPCL position, which is the same case for the following superhydrophobic 

surfaces. 

 

Figure 3. 3. Image sequences showing droplet retraction on (a) ACRYLIC surface and (b) 

TEFLON surface for selected ὡὩ. 

Superhydrophobic surfaces Phenomena of drop impact on superhydrophobic surfaces have 

been well documented in Refs. [139], [140]. Generally speaking, as shown in Fig. 3.4(a), 

superhydrophobicity is maintained on SGLASS for all the investigated ὡὩ. The retraction motion, 

for both the main and the satellite droplets, is so strong that all of them can totally bounce off the 
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surface in the end. However, for STEFLON, impalement transitions [141] occur starting from 

ὡὩͯρτ (see Fig. 3.4(b)), indicating a wetting state changing from the Cassie-Baxter type to the 

Wenzel type. The apparent TPCL is then always attached to the surface. 

 

Figure 3. 4. Image sequences showing water droplet retraction on (a) SGLASS and (b) 

STEFLON for selected ὡὩ. 

For very high ὡὩ ( ψͯφς) on SGLASS, the impacting droplet violently splashes into 

numerous tiny droplets during the spreading stage. No obvious apparent TPCL exists for the 

mother droplet. Instead, almost all the droplets are observed to simultaneously rebound off the 

surface and finally, a clean surface is left behind. Likewise, on STEFLON, the mother droplet 

splashes into a lot of satellite droplets. But those tiny droplets get pinned on the surface and are 

not able to rebound.  

3.3.2 Discussion on Retraction Modes 

It has been revealed by Bartolo et al. [127] that for liquids with varying viscosities, there 

exist two retraction regimes: inertial and viscous. In the inertial regime, the retracting droplet 

features a surrounding rim and a central thin film. However, during the retraction process, a high-

viscosity liquid droplet will quickly relax to a spherical shape and the contact angle varies slowly. 
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In this paper, we will show next that different retraction modes can also be temporally resolved 

during different stages of the retraction process for the low-viscosity liquid droplets. 

Classification of three types of retraction modes In the above discussion regarding the 

droplet retraction phenomena, the transition of the two typical retraction modes can be observed. 

The key difference between these two modes is the existence of a separate surrounding rim. Figure 

3.5 presents the dynamic features of these two modes by overlapping the time-sequenced images. 

 

Figure 3. 5. Two modes of retraction for low-viscosity droplet retracting on SILICON: (a) 

inertial mode during early stage at ὡὩ ρρσ and (b) capillary mode during later stage of the 

retraction process at ὡὩ υυ. 

In the early stage of the retraction process, the internal interface of the surrounding rim is 

well separated; and this mode is named an inertial mode. For this mode, the dynamic receding 

contact angle and the rim height of the retracting droplet does not change significantly during the 

retraction process. This mode is the same as what is described as the inertial regime by Bartolo et 

al. [127]. And most of the theoretical work [48], [130] on the droplet spreading and retraction with 

a high impacting velocity refers to this mode. In a later stage of the retraction process, the rim-

lamella structure may not hold anymore. Instead, the internal interfaces of the surrounding rim 

collide with each other and generate upward momentum. Meanwhile, capillary waves are released 

from the top due to the collision of internal rims. The Mobile-Contact-Line (MCL-mode) 

oscillation [68] of the droplet interface is clearly visible from the overlapped sequences. One node 
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on the droplet interface can be observed from Fig. 3.5(b), which is consistent with the previous 

study [68] for MCL-type droplet oscillation on a solid surface. In this paper, we would like to 

name the second type of retraction ñcapillary modeò. In the capillary mode, the capillary force 

becomes comparable to the residual inertia force. The droplet interface keeps oscillating due to the 

propagation of the capillary wave from the top. The capillary oscillation can induce considerable 

TPCL retractions as shown in the morphologies (Fig. 3.3 and Fig. 3.4). For the capillary mode, the 

dynamic receding contact angle at the TPCL can become very low due to the capillary oscillation, 

which is believed to influence the retraction rate. It is worth noting that for low ὡὩ, the maximum 

spreading diameter is not large enough for the rim to relax itself to the required receding contact 

angles. Therefore, the internal interface of the surrounding rim can easily collapse into each other 

even before the TPCL starts to retract. As a result, only the capillary mode is available for low-

ὡὩ droplet retraction. 

 

Figure 3. 6. (a) capillary wave propagation along the interface of a retracting droplet on GLASS; 

(b) A distinct retraction mode exhibited by droplet retracting on GLASS at large times. 

Particularly, there is a third mode demonstrated by the droplet retracting on GLASS, which 

has a very low —ȟ. During the capillary-mode retraction, the capillary wave propagates towards 

the TPCL as shown in Fig. 3.6(a). After a certain time, the capillary wave is fully damped, and the 
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droplet then adopts a spherical-cap shape. Moreover, the droplet has not ceased its retraction yet. 

While maintaining its spherical-cap shape, the droplet keeps retracting with a very low speed for 

a long time. In such a spherical-cap mode, —ȟ is observed to increase with time. It should be noted 

that the spherical-cap mode and the inertial mode were also characterized in a similar manner by 

Edwards et al. [142] when studying the retraction of a thin film into a sessile droplet. 

Characterization of the inertial and capillary modes In the above discussion, we have 

classified different retraction modes based on their morphologies. The question is: how can these 

distinct modes be characterized? Figure 3.7 shows a typical temporal evolution of the normalized 

spreading factor (ὙὸȾὙ ) and the dynamic receding contact angle (—ȟ) during the spreading-

retraction process for a water droplet impacting on SILICON. 

 

Figure 3. 7. Temporal evolution of the spreading diameter (solid line), 3D structure, and the 

dynamic contact angle (dashed line) of the retracting droplet. 

A slight decrease in the dynamic contact angle can be observed in Fig. 3.7. A decrease in 

the dynamic contact angle during the early stage of the retraction process was also found by de 

Goede et al. [143]. The insets in Fig. 3.7 denote the side view and tilted view of the retracting 

droplet. The transition from the inertial mode to the capillary mode can be clearly observed in Fig. 
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3.7, which features the appearance of an obvious oscillation of —ȟ resulting from the propagation 

of the capillary waves. Several key characteristic times need to be defined before we proceed to 

compare the two retraction modes. ὸ and ὸ in Fig. 3.7 represent the end of the spreading time and 

the start of the retraction time, respectively. We here use the same criterion (0.99 threshold) for 

the definition of ὸ and ὸ as used by Antonini et al. [126]. ὸ and ὸ denote the end of the inertial-

mode retraction time and the capillary-mode retraction time, respectively. Clearly, the whole 

retraction process begins with the relaxation phase, followed by the inertial-mode retraction and 

ends with the capillary-mode retraction. The periods of the inertial mode and the capillary mode 

can then be calculated as Ὕ ὸ ὸ and Ὕ ὸ ὸ. 

Figure 3.8 demonstrates the comparison between the normalized periods (ὝȾὝ Ὕ  and 

ὝȾὝ Ὕ  ) of these two retraction modes. It clearly shows that the capillary mode occupies 

most of the retraction process for low-ὡὩ conditions. With a higher ὡὩ, the inertial mode starts 

to dominate the retraction process for surfaces with low —ȟ. However, for the surfaces with high 

—ȟ, although the inertial mode increases its proportion with increasing ὡὩ, the capillary mode 

always dominates the retraction process. 

 

Figure 3. 8. Comparison of the periods occupied by the two retraction modes (dashed for inertial 

mode and solid for capillary mode). 
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Retraction rate for different modes The classification of these distinct modes is important 

when calculating the droplet retraction rate (‭) and developing the corresponding theory for its 

prediction. The commonly used definition of ‭ comes originally from Bartolo et al. [127]: ‭

άὥὼ ὠ ȾὙ . As the dynamics of the retracting droplets is different for different modes, it is 

necessary to calculate ‭ for those distinct modes separately. The spherical-cap mode will not be 

considered in the comparison. After the determination of the occupied periods, we can safely 

define the corresponding retraction rate for the inertial and capillary modes as follows: 

‭ άὥὼὠ ȾὙ ͯ                                                  (3.1) 

 ‭ άὥὼὠ ȾὙ ͯ .                                                (3.2) 

The measurement of ‭ and ‭ are demonstrated in Figs. 3.9(a) and 3.9(b) with error bars. 

The data is relatively repeatable. The relatively large deviation for SGLASS is believed to come 

from the manual detection of the contact line as mentioned earlier. For SGLASS and STEFLON, 

only the data for ὡὩ ρππ is included. As discussed in the above, receding breakup occurs on 

these two surfaces when ὡὩ ρππ. For non-superhydrophobic surfaces, the inertial mode does 

not exist for certain low-ὡὩ cases. Therefore, some data points are missing in Fig. 3.9(a). For 

GLASS with ὡὩ υ, even the capillary-mode retraction vanishes. 

 

Figure 3. 9. The measurement of retraction rate for (a) inertial mode and (b) capillary mode. 
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The experimental results in Figs. 3.9(a) and 3.9(b) show the dependence of ‭ on both the 

surface wettability and the impact condition. A comparison of the two modes indicates two 

different trends: ‭ generally increases with increasing ὡὩ, while ‭ decreases with increasing 

ὡὩ. At a small ὡὩ, the expansion of the droplet during the spreading phase is not significant 

compared to its final equilibrium position. Therefore, this also makes the retraction rate smaller 

compared to the high-ὡὩ conditions. More specifically, for the inertial mode, ‭ continuously 

increases until around ὡὩ φπ for all the examined surfaces. When ὡὩ φπ, ‭ generally 

remains an asymptotic value and becomes wettability-dependent only. This indicates that the 

retraction rate for high ὡὩ can be regarded as a material constant of the liquid-surface system, 

which is similar to what was observed by Bartolo et al. [127]. For low ὡὩ on SGLASS and 

STEFLON, the increase of ‭ from ὡὩ ρπ to ὡὩ φπ is found to be significant, which is 

larger than 100%, as shown in Fig. 3.9(a). A similar increasing trend of the retraction rate was also 

noticed by Bobinski et al. [132] recently for superhydrophobic surfaces at small ὡὩ. Several 

reasons are believed to be responsible for the ignorance of the increasing trend in the previous 

study [127]. First, the examined ὡὩ started from a medium value  ( τͯπ), at which the asymptotic 

had almost been reached. Second, the inertial mode and the capillary mode, were not differentiated 

when calculating the retraction rate. From Figs. 3.9(a) and 3.9(b), it is shown that at low ὡὩ, ‭ 

can be higher than ‭. Therefore, the increasing trend of ‭ will be compromised when the 

definition of ‭  by Bartolo et al. [127] is used.   

The effects of the surface wettability are clearly shown in Figs. 3.9(a) and 3.9(b). It acts in 

a reverse manner compared to the dynamic wetting effects in the spreading process. For surfaces 

with higher —ȟ, the droplet retraction rate is higher, which is consistent with the classical 

retraction theory [127]. Moreover, it shows a stronger dependence on ὡὩ for both ‭and ‭ on 
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surfaces with higher —ȟ. For more hydrophilic surfaces, such as GLASS and ACRYLIC, the ὡὩ-

dependence is much weaker as shown in Fig. 3.9.             

3.3.3 Theoretical Analysis 

 The retracting droplet in the inertial mode presents a well-defined rim-lamella structure, 

which has been utilized in recent works [41], [48], [49], [67] when modeling the droplet spreading 

and its maximum spread factor. In contrast, the droplet shape in the capillary mode can be very 

complicated due to the collapse of the rim and the propagation of capillary waves on the liquid-air 

interface. Therefore, the modeling of the retraction rate for the capillary mode will be left for future 

investigations. In the current study, we focus on modeling the inertial-mode retraction in order to 

correctly reveal the dependence of ‭ on ὡὩ.  

Such dependence on ὡὩ cannot be derived from the previous retraction theory [127]. By 

normalizing ‭ with ὠȾὙ, the original equation (equation 3.2 in Ref. [127]) can be written as:  

Ⱦ  
ὡὩȾͯ ρ ὧέί—ȟ .                                             (3.3) 

In the classical theory, the static receding contact angle is used in Eq. (3.3), which is 

considered not dependent on ὡὩ. Therefore, the classical theory indicates that for a given surface, 

the left-hand (LH) side term in Eq. (3.3) should remain unchanged. Figure 3.10 plots the 

measurement of this term at different ὡὩ for the six surfaces. The dependence of this term on ὡὩ 

can be clearly observed, which contradicts the classical theory.  

The first thing one can question in Eq. (3.3) is the substitution of —ȟ. Under real 

conditions, it should be replaced with the dynamic receding contact angle (—ȟ), which is related 

to the instantaneous contact line retracting velocity (ὠ Ὑὸ). This reshapes Eq. (3.3) into the 

following: 

Ⱦ  
ὡὩȾͯ ρ ὧέί—ȟ ͯ ρ ÃÏÓ Ὢὠ .                       (3.4) 
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Figure 3. 10. Experimental data of the LH side term in Eq. (3.3) at different ὡὩ for the six 

surfaces. 

Because the retraction rate is also related to the contact line velocity (‭ͯ ÍÁØὠ ȾὙ ), 

a simple scaling cannot be obtained from Eq. (3.4). The current study aims at explaining the 

general variation of the retraction rate with respect to the impacting Weber number. Therefore, the 

relatively small change of the receding contact angle (Fig. 3.7) during the inertial regime is 

neglected, and an averaged dynamic receding contact angle (—Ӷȟ ὓὉὃὔ—ȟ ὸ ὸͯ ὸ ) is 

adopted for simplicity. Figure 3.11(a) shows the variation of the averaged dynamic receding 

contact angle during inertial-mode retraction at different ὡὩ. In general, —Ӷȟ appears to be smaller 

than —Ӷȟ denoted by corresponding dashed lines. Moreover, the apparent —Ӷȟ slightly decreases 

with the increase of ὡὩ. Figures 3.11(b) and 3.11(c) plot the ratio of the LH- to the RH-side term 

in Eq. (3.3) after the replacement of —ȟ  by —Ӷȟ  for hydrophilic/hydrophobic and 

superhydrophobic surfaces, respectively. This calculated ratio is dependent on ὡὩ as shown from 

Figs. 3.11(b) and 3.11(c). The revealed increasing trend indicates that other important factors 

which depend upon ὡὩ, other than —Ӷȟ, should be accounted in order to explain the trend observed 

from the experiments. 
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Figure 3. 11. (a) Averaged dynamic receding contact angles during the inertial-mode retraction 

process for different surfaces. The dashed lines indicate —ȟ for corresponding surface; (b) The 

ratio of the left-hand side to the right-hand side of Eq. (3.3) after the substitution of —ȟ for 

hydrophilic and hydrophobic surfaces; (c) The corresponding ratio for the two superhydrophobic 

surfaces. (The dashed lines in (b) and (c) are from Eq. (3.10)).  

Now, let us take a step back when deriving the classical theories. An intermediate equation 

that describing the retraction of the surrounding rim reads [127]: 

Ὤὠ Ὢͯ—Ӷȟ ρͯ ὧέί—Ӷȟ,                                               (3.5) 

where, Ὤ is the lamella thickness, ὠ  is droplet retraction velocity, and Ὢ—Ӷȟ  denotes a 

function of the averaged dynamic receding contact angle. Equation (3.5) is given by Bartolo et al. 

[127] by considering the retracting droplet as an analogy to an inertial-dewetting thin film [128], 

[129]. 
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It should be noted that Eq. (3.5) can also be derived from the rim motion equation, which 

is specially developed for droplet spreading and receding on a solid surface [48], [49], [144], based 

on the following assumptions: (1) steady state retraction process, (2) negligible viscous forces, and 

(3) negligible velocity field in the central film. 

These assumptions can be reasonably justified from the experimental retraction curves 

(Fig. 3.7), the low viscosity of the DI water, and the relatively long time after impact. Therefore, 

the retraction rate for the inertial mode can be derived from Eq. (3.5) as: 

‭ ͯ ȟ
.                                                        (3.6) 

A rough estimation of Ὤ was used by Bartolo et al. [127], who treated the droplet shape as 

a cylindrical disk. This makes ὬὙ  to be a constant only related to the droplet initial volume. 

However, from previous investigations [41], [80], [82], it is shown that the impacting droplet better 

fit  a rim-lamella shape rather than a cylindrical disk shape, which can also be justified here from 

the insets in Fig. 3.7. In order to account for the influence of the droplet shape assumption on the 

prediction of ‭, a droplet shape proposed by Wang et al. [41] is utilized, which has been applied 

to model the maximum spread factor (‍ ). A sketch of the shape assumption is presented in Fig. 

3.12(a). The volume conservation when assuming the shape in Fig. 3.12(a) for the initial retracting 

droplet gives the following: 

ȟ

ȟ

ȟ

 ‚ ȟ Ⱦ ȟ

ȟ

‍ ‚ ȟ

ȟ
‚ ‖‚ ‍

‚ ȟ

ȟ
.                                                    (3.7) 
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Figure 3. 12. (a) The shape assumption of retracting droplet and the variation of (b) shape factor 

‖, (c) dimensionless rim height ‚, and (d) maximum spread factor ‍  with ὡὩ.  

‖ in Eq. (3.7) is called the shape factor [41], which characterizes the ratio of the lamella 

thickness to the surrounding rim height (ὬȾὬ). ‍  is the maximum spread factor (‍ Ὑ ȾὙ) 

and ‚ is the dimensionless rim height (‚ ὬȾςὙ). Differently, the averaged dynamic receding 

contact angle (—Ӷȟ) is used in Eq. (3.7) instead of the dynamic advancing contact angle (—ȟ). 

Because ‚, ‍  and —ȟ are experimentally available, the values of ‖ can be then calculated from 

Eq. (3.7). The variation of ‖ is demonstrated in Fig. 3.12(b) for a range of ὡὩ from ρπ to ρπ. 

The dashed curves in Fig. 3.12(b) denote the scaling relationship for ‖ with respect to ὡὩ. It is 

shown that the scaling for all the six surfaces roughly remains the same as ὡὩ Ȣ, although the 

absolute values of ‖ for the superhydrophobic surfaces are generally smaller. The variation of ‚ 

measured from the experiment is demonstrated in Fig. 3.12(c). It is shown that the variation of ‚ 

╦▄ Ȣ

╦▄ Ȣ

╦▄ Ȣ

(b) (c)

(a)

(d)

♫
□
♫
╥
░O

Ⱦ
╡
▄

Ⱦ

╦▄ȾȾ═ ╦▄Ⱦ

RimLamella



   

56 

 

with ὡὩ can also be estimated by a simple scaling as ‚ ὡͯὩ Ȣ . Finally, a universal scaling as 

proposed in Ref. [18], [19] is adopted for correlating ‍  as below: 

‍ ‍ ᴼ

Ⱦ
ὙὩ Ⱦ ὡὩȾȾὃ ὡὩȾ ,                             (3.8) 

where ὃ is a constant of 7.6, the same as what was suggested in Ref. [19]. ‍ ᴼ  is the 

droplet spreading factor at zero impact velocities. The details about the determination of ‍ ᴼ  are 

included in Appendix B.1. It is shown from Fig. 3.12(d) that the universal scaling in Eq. (3.8) can 

well correlate the experimental measurements of ‍ . Because the current study only deals with 

water droplets, the viscous effects on the retraction rate will be neglected for simplicity, which 

may not be true for more viscous liquid droplets. Then, the Reynolds number can be correlated by 

the Weber number as ὙὩ ὄὡὩȾ, where ὄ is a constant of 450 for the current experiment. 

Therefore, the correlation of ‍ , with respect to ὡὩ only, comes as follows: 

‍ ‍ ᴼ

Ⱦ

Ⱦ
ὄȾὡὩȾ.                                     (3.9)   

Up to this point, the dependence of —Ӷȟ, ‖, ‚, and ‍  on ὡὩ have been determined. After 

taking Ὢ—Ӷȟ  to the left of Eq. (3.6) and normalizing ‭ by ὠȾὙ as being done in Eq. (3.3), the 

following relationship can be obtained: 

ȟ

ͯ ͯ ͯ

ȢȢ Ȣ Ȣ ᴼ

ͯ
Ȣ

ᴼ

Ⱦ

Ⱦ
Ⱦ Ⱦ 

        

(3.10) 

The scaling in Eq. (3.10) correlates well with the experimental data for hydrophilic and 

hydrophobic surfaces as demonstrated in Fig. 3.11(b) and reasonably reveal the increasing trend 

as observed in the experiment. For the two superhydrophobic surfaces, the predictions by Eq. 
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(3.10) underestimate a lot for ὡὩ σπ, which is explained later in the below. The analysis above 

indicates that the increasing trend of ‭ mainly results from the decrease of the lamella thickness 

with increasing ὡὩ. The estimation of the lamella thickness during the retraction process can be 

obtained through examining the classical theories for droplet spreading on solid surfaces [49]. For 

the small capillary numbers πȢππςὅὥ ‘ὠȾὈ πȢπφ) in the experiment, the approximate 

solutions for the droplet spreading and receding in the case ὙὩḻὡὩ can be reasonably adopted. 

The dimensionless retraction starting time can then be calculated as [49]: 

†
ȟ

Ⱦ

†,                                            (3.11) 

where, † and – are constants determined by certain initial conditions [49], [50]. In the 

current analysis, the film thickness during the retraction process will be assumed to be large 

compared to the boundary layer thickness. Therefore, the asymptotic solution for the film thickness 

in the inviscid region is adopted here as follows [49]: 

‚ .                                                     (3.12) 

By substituting Eq. (3.11) into Eq. (3.12), the dimensionless film thickness during the 

inertial-mode retraction process can be obtained as below: 

‚ȟ
ȟ ͯ .                                       (3.13) 

Therefore, the following can be obtained based on the spreading theory from Roisman et 

al.[49]: 

Ⱦ

ȟ

ͯ
ȟ
ͯ

Ⱦ

ͯ
Ȣ

ᴼ

Ⱦ

Ⱦ
Ⱦ Ⱦ

.         (3.14) 
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The scaling correlation in Eq. (3.14) predicts a weaker increasing trend than Eq. (3.10), as 

compared in Appendix B.2. Moreover, it is shown that both Eq. (3.10) and Eq. (3.14) 

underestimate the increase for the two superhydrophobic surfaces when ὡὩ σπ. This is believed 

to be caused by the air entrapment beneath the retracting droplet on the superhydrophobic surfaces. 

From the experimental videos, the abrupt increase when ὡὩ σπ corresponds to the occurrence 

of the fingering instability during the retraction on the superhydrophobic surfaces. Figure 3.13(a) 

demonstrates the sequence of droplet retraction on the SGLASS surface. It is shown that from the 

time instance at ὸ, the surrounding rim becomes finger-shaped as demonstrated in Figs. 3.13(b) 

and 3.13(c) for droplet retracting at ὡὩ φτ on STEFLON and SGLASS surfaces, respectively. 

The rim fingers keep being lifted during the retraction process, and the retracting front between 

the fingers quickly moves back toward the center. In this case, the structure of the retracting 

droplets may differ significantly from the assumed shape for the inertial-mode retraction. A further 

investigation of the retraction rate for droplet retraction of such a mode deserves future efforts, 

which can account for both the influence of the droplet structure and the instabilities during the 

retraction process.    

 

Figure 3. 13. (a) Image sequences showing droplet retraction at relatively large 7Å on SGLASS; 

(b) Fingering pattern for droplet retracting on STEFLON; (c) Fingering pattern for droplet 

retracting on SGLASS.  
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3.3.4 Scaling of the Retraction Curves 

The last discussion is on the scaling of the retraction curves. As aforementioned in the 

introduction, a universal normalized retraction curve (ὈὸȾὈ  vs [ὸ]) for different ὡὩ is 

questionable. We start from analyzing the experimental data and then propose a new normalization 

of the retraction curves. 

Figures 3.14(a)-3.14(f) plot the temporal evolution of the droplet spreading radius. Error 

bars in these plots are calculated from three repetitions. Only data points at selected time instances 

are plotted for clarity. It is shown that the error bars are much smaller than the difference between 

the two adjacent curves caused by the change in ὡὩ. This indicates that the failure of the collapse 

of retraction curves should not be attributed to the measurement errors, but indeed to the variation 

in ὡὩ. Relatively high measurement errors can be observed for some cases with very high ὡὩ on 

ACRYLIC and TEFLON. They are both resulted from the random satellite droplets left behind the 

retracting TPCL on the surfaces. From these dimensional retraction curves, one can observe that 

the average droplet retraction speed generally increases with the increase of —ȟ, which can be 

seen from the increase of the slopes. When the hydrophobicity increases, the dimensional 

retraction curves get closer to each other as shown in Figs. 3.14(d)-3.14(f). From Fig. 3.14, it is 

found that the TPCL does not retract immediately after it reaches its maximum spreading, verifying 

the existence of the contact angle relaxation phase [126] between the spreading and retraction 

processes, as defined in Fig. 3.7.  Figures 3.15(a)-3.15(f) show the variations of ὸ and ὸ with 

different ὡὩ. Both ὸ and ὸ decrease with increasing ὡὩ, which is consistent with Antonini et 

al.ôs findings [126]. The shaded area in Fig. 3.15 denotes the contact angle relaxation period ɝὸ . 

With increasing ὡὩ, the gap becomes narrower, meaning that ɝὸ  is getting smaller. Moreover, 

it is shown that the surface hydrophobicity tends to decrease ɝὸ .  
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Figure 3. 14. Temporal evolution of Ὑὸ on (a) GLASS, (b) ACRYLIC, (c) SILICON, (d) 

TEFLON, (e) STEFLON,  and (f) SGLASS surfaces for different ὡὩ indicated by the color bar. 

Error bars are included in the plots.     

 
Figure 3. 15. The spreading time and retraction start time at different ὡὩ. 
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From the above discussion, it is seen that one of the reasons, accounting for the failure of 

collapse of the normalized retraction curves, comes from the difference in ὸ. Therefore, it is more 

reasonable to put all the retraction curves for different ὡὩ onto a universal starting point (ὸ, Ὑ ). 

Besides, we further make the retraction curves terminate at the end of the capillary retraction 

process (ὸȟὙ), which has been defined in Fig. 3.7. The normalized abscissa and ordinate are 

Ὑὸ Ὑ ȾὙ Ὑ  and ὸ ὸȾὸ ὸ , respectively. Such a new scaling of the retraction 

curves is demonstrated in Fig. 3.16.  

 

Figure 3. 16. Newly normalized retraction curves for the six surfaces.  

It is shown that compared to the normalization by Ὑ  in Appendix B.3 based on previous 

publications, the proposed normalization in Fig. 3.16 can actually reveal certain similarity features 

of the droplet retraction process in the inertial-capillary regime: normalized retraction curves at 

different impact conditions generally collapse into a universal curve. For the GLASS surface and 

very low ὡὩ on other surfaces, certain deviations exist from the universal curve. This may be 

attributed to the relatively weak retraction motions for such conditions. As mentioned earlier, the 

wetting state for droplet impacting onto the SGLASS surface always stays at the Cassie-Baxter 

state. However, for the STEFLON surface, the retracting droplet experiences a Cassie-to-Wenzel 

transition when ὡὩ changes. From Fig. 3.16(e), it is shown that the universal curve for these two 
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different wetting states can be different. Last but not the least, this proposed scaling can also give 

us physical interpretation for the derivative of the normalized retraction curves. The derivative of 

the normalized retraction curves, ὠ ȾὙ Ὑ Ⱦὸ ὸ , represents the ratio of the 

instantaneous retraction velocity (ὠ ) to the average retraction velocity of the whole retraction 

process (ὠ Ὑ Ὑ Ⱦὸ ὸ ).          

3.4 Conclusion 

A comprehensive study of water droplet retraction dynamics was carried out on six solid 

surfaces with varying wettabilities at different ὡὩ. The morphologies of retracting droplets are 

summarized and compared. Three distinct retraction modes are classified based on the retracting 

morphologies: inertial mode, capillary mode, and spherical-cap mode.  

Particularly, a detailed characterization is presented for the inertial and capillary modes. 

The inertial mode occupies the early stage of the retraction process while the capillary mode 

dominates the later one. During the inertial-mode retraction, the retracting droplet features a rim-

lamella structure with a slowly-decreasing dynamic receding contact angle (—ȟ). However, during 

the capillary-mode retraction, —ȟ varies with the propagation of the capillary waves released from 

the collapse of the rim and lamella towards the three-phase contact line (TPCL). A comparison of 

the occupied periods reveals that at small ὡὩ, the capillary mode occupies most of the retraction 

process. With higher ὡὩ, the inertial mode starts to dominate the retraction process for more 

hydrophilic surfaces. However, for hydrophobic and superhydrophobic surfaces, the capillary 

mode is always the primary mode for droplet retraction. 

The dependency of the retraction rate (‭) on Weber number and surface wettabilities was 

investigated experimentally and theoretically. Experimental measurements demonstrate that ‭ 

generally increases with increasing ὡὩ while for the capillary mode, ‭ tends to decrease. At high 
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ὡὩ, ‭ reaches an asymptotic value independent of ὡὩ. This indicates that for high-ὡὩ droplet 

retraction, the retraction rate is a material constant only. The influence of the surface wettability is 

clear: both ‭ and ‭ are higher for the more hydrophobic surface with a higher static receding 

contact angle (—ȟ). Moreover, it is shown that the dependency of ‭ on ὡὩ tends to be stronger 

for more hydrophobic surfaces. Particularly, a semi-empirical model is proposed to explain the 

ὡὩ-dependency of the retraction rate for the inertial mode (‭). In the proposed model, the 

retracting droplet adopts a rim-lamella structure considering a ὡὩ-dependent averaged dynamic 

receding contact angle (—Ӷȟ) and a shape factor (‖ ὬȾὬ). The model gives a scaling as 

‭ȾὠȾὙ ὡὩȾȾρ ὧέί—Ӷȟ ͯ ὡὩȢȾ‍ ᴼ

Ⱦ

Ⱦ ὄȾὡὩȾ , which can 

well explain the dependence of ‭  on impacting ὡὩ . A similar scaling 

(ͯ ὡὩȢȾ‍ ᴼ

Ⱦ

Ⱦ ὄȾὡὩȾ) can also be derived from the asymptotic solution 

for inviscid droplets impacting on solid surfaces, which also predicts the increase of ‭ with 

increasing ὡὩ. The influence of the dynamic receding contact angle on the retraction rate is 

neglected in the proposed model, which needs further scrutiny for a more accurate correlation for 

the retraction rate.      

Finally, a new scaling of the retraction curves is proposed to reveal similarity behavior 

during the droplet retraction process. The classically normalized retraction curves (ὙὸȾ

Ὑ ὺί ὸ) fail to collapse into a universal curve for DI-water droplet retractions due to low 

viscosity. Moreover, the contact angle relaxation phase can cause the shift of the normalized 

retraction curves at different ὡὩ. The retraction curves normalized in the new way 

( Ὑὸ Ὑ ȾὙ Ὑ ὺί ὸ ὸȾὸ ὸ ) is found to collapse well into each other. The 
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derivative of this newly normalized curves can be physically interpreted as the ratio of the 

instantaneous retraction velocity to the mean retraction velocity.        
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CHAPTER 4: IMPACT AND WICKING OF BLOOD DROPLETS ON TEXTILE 

SURFACES 

Part of the work presented in this chapter has been submitted to FORENSIC SCIENCE 

INTERNATIONAL [145] and is currently under review.   

4.1 Introduction 

Early works regarding BPA on fabrics focused on the perspectives in forensic science. The 

spatter stains and transfer stains on fabrics were differentiated in Refs. [146]ï[148]. The transfer 

stains mostly stayed on the fiber tops [146], while the spatter stains usually presented certain 

dynamic features, like more symmetry, surrounding secondary droplets, and zonal drying pattern 

[147]. From the early studies [149], [150], it was shown that the shape of the bloodstains is an 

important aspect to consider when conducting BPA on fabrics. The bloodstain on more absorbent 

and coarser fabrics would exhibit a higher degree of stain distortion [149]. Moreover, by 

examining the stain size, stain shapes, and stain characteristics (including satellite stains and 

spines) on numerous fabrics, it was found that the most important feature of impact stains on fabric 

is the irregularity of the stain shape [150]. It suggested that more research should be done to 

analyze stain shapes on fabrics [150].                                                

Quite a few experimental studies have been carried out to investigate the influence of 

different factors, like the fabric properties [151]ï[153], yarn properties [154], [155], fabric 

mounting method [156], fabric laundering [157], surface inclination [157], etc., on the resultant 

bloodstains on fabrics. It was shown that different fabric compositions directly affected the surface 

roughness; and therefore, the number and extent of the satellite stains varied accordingly [151]. 

More systematic investigations were conducted in Ref. [152] to analyze the drip bloodstains on a 

variety of apparel fabrics. It was found that, on cotton fabrics, the stains were circular to oval; 
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while on polyester fabric, the stains appeared circular to square at low impact velocities due the 

lack of wicking into the yarns or fibers [152]. It was also found that the number of satellites was 

larger on the plain-woven fabric when compared to the jersey knit, though the latter had a higher 

surface roughness. This finding was in contradiction to what was reported in Ref. [151]. Recently, 

the effect of the fabric mass per unit area was investigated [153]. It showed that on heavier fabrics 

(with higher fabric mass per unit area), the correlation between the stain area and the impact 

velocity was stronger. This was because of less wicking along the intra-yarn spaces; therefore, the 

bloodstain area was more dependent on the impact process. The effects of yarn structure on 

wicking and its influence on the formed bloodstains were demonstrated in Ref. [154]. It showed 

that the porcine blood wicked into the fabrics made with ring spun yarn, but not into those made 

with open end or vortex spun yarns [154]. Besides drip bloodstains, the yarn properties could also 

affect the impact spatter stains on textiles. It was shown that the number of stains and the stain 

areas decreased as the yarn size increased [155].  

It is beneficial if the BPA research on fabrics can go beyond the perspectives of forensic 

science. As reviewed recently [10], knowing the fundamental fluid dynamics is critical to 

understanding the formation of the resulting bloodstains. An early study of blood droplet dynamics 

on different fabrics was reported in Ref. [158] by utilizing a high-speed camera. Three distinct 

stages were classified for bloodstain formation, which included spreading stage, retraction stage, 

and wicking stage. The work aimed to provide some fundamental perspectives on bloodstain 

formation on textiles, by examining both the blood droplet impact dynamics and wicking 

dynamics. However, in the experiment, the wicking process examined was not the real post-impact 

wicking process. The blood penetration on fabrics was investigated by looking at the motion of 

blood on the technical rear of a fabric, which was backed by a hard base [159]. It was found that 
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the more porous the fabric was (lighter mass per unit area), the easier the blood reached the back 

side, which occurred as early as 0.067ms after impact. The study showed that the technical rear 

bloodstain had minimal effects on the dynamics of blood droplet impact on the technical face. 

Differently, when the fabric was hung in air instead of being backed on a surface, the penetration 

of blood through the fabric could be significant and greatly affected the blood droplet impact 

dynamics, i.e., the droplet spreading ratio, especially for the case of high impact velocities [35]. 

The wicking process of blood into the fabric is the reason for bloodstain distortion. Few works 

focused on the post-impact wicking dynamics. One paper in 2017 experimentally and numerically 

studied the imbibition (wicking) of blood into the fabric after impact on a woven fabric [38]. It 

showed that the post-impact wicking introduced significant systematic errors on the estimate of 

impact angle (Ŭ) and directional angles (ɔ) [38]. Therefore, more detailed scrutiny of the 

subsequent wicking dynamics after the droplet impact is necessary.       

From the above discussion, it is shown that the bloodstains on fabrics are usually distorted 

and different from what they appear right after the impact. The parent stain characteristics (stain 

size and aspect ratio) cannot be used to predict the blood droplet impact conditions as is done for 

non-textile surfaces. The underlying reason for this is the complex-structure-involved impact 

process and the subsequent absorbency-induced wicking process on fabrics. Most of the previous 

BPA works in analyzing bloodstains on fabrics were limited to qualitative descriptions. A thorough 

understanding of the fundamental impact and wicking dynamics is lacking, which is vital in 

creating and altering the bloodstains on fabrics. This chapter aims to address this weakness in 

current BPA research, by conducting a detailed analysis of the inherent impact and wicking 

dynamics in forming drip bloodstains on fabrics. Systematic experiments were carried out to 

generate drip bloodstains resulted from the impact of a millimeter-sized blood droplet from (i) 
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different impact heights, (ii ) onto different fabrics, and (iii ) with different droplet impact angles. 

The corresponding impact process, subsequent wicking process, and resultant bloodstains were 

fully recorded. Classical theories for droplet impact and wicking were used and modified to explain 

the observed dynamics for the case of blood droplet on fabrics. Quantitative evaluation and 

comparison of the role of impact and wicking process in shaping the bloodstains will be provided, 

which is not available in the current literature. 

4.2 Materials and Methods 

As indicated in the above, three sets of experiments have been conducted independently to 

study the blood droplet impact and wicking dynamics (i) with different impact velocities, (ii ) on 

different fabrics, and (iii ) with different impact angles. In all these three sets of experiments, 

millimeter-sized blood droplets were used, which were generated by using a syringe pump with a 

21-Gauge PTFE-coated stainless steel dispensing needle. But the design of experiments varied 

depending on the focus of each set. Specifically, 

In Experiment (i), the bloodstains were created on plain woven fabric by the perpendicular 

impact of a single blood drop (Ὀ ḙσȢσάά) with six different impact velocities (Ὗ ḙπȢσάȾί, 

πȢωάȾί, ρȢωάȾί, 2.7άȾί, σȢχάȾί, and τȢυάȾί) and three repetitions for each velocity. 

In Experiment (ii ), the bloodstains were created on plain woven fabric, 3×1 twill fabric, 

and single jersey knit fabric by the perpendicular impact of a single blood drop (Ὀ ḙσȢςάά) 

with three different impact velocities (Ὗ ḙπȢωάȾί, ςȢπάȾί, and τȢφάȾί) and three repetitions 

for each velocity. Both the technical front and technical back of the 3×1 twill fabric and single 

jersey knit fabric were studied as they presented distinct structures on the front and back. More 

different velocities (other than the listed three ones) were tested with one repetition to further 

investigate the splashing dynamics of blood droplet impact on these different fabrics.    
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In experiment (iii ), the bloodstains were created on twill fabric by the inclined impact of a 

single blood drop (Ὀ ḙσȢςάά) with one fixed impact velocity (Ὗ ḙςȢπάȾί). Totally, six 

different impact angles (‌ḙρυЈ, σπЈ, τυЈ, φπЈ, χυЈ, and ωπЈ) and three different fabric 

orientations (along the twill direction ‎ḙπЈ, τυЈ to the twill direction ‎ḙτυЈ, and orthogonal 

to the twill direction ‎ḙωπЈ) were examined. Five repetitions were conducted for each 

experimental condition.             

4.2.1 Blood Source and Characterization 

Anticoagulated porcine whole blood purchased from Innovative Research Inc. was used in 

all the three sets of experiments with added K2-EDTA anticoagulant. The blood was stored in a 

lab refrigerator at φᴈ. Prior to experiments, the blood was removed from the refrigerator and 

placed on a Fisher ScientificTM Digital Bottle Roller and rolled at 30 rpm. The blood was ready for 

experiment when it became homogeneous and warmed to the ambient temperature (Ὕ ςσᴈ).  

The average environment humidity was around φπϷ in Experiment (i) and χπϷ in Experiments 

(ii ) and (iii ). The ambient condition was stable during all sets of the experiment. The major physical 

properties [160] of the blood were measured upon its arrival and the whole set of experiments was 

completed within three days, which minimizes the effects of blood aging. The density was 

measured using a precision balance with five measurements. The surface tension was measured 

using the ñPendant Dropò plugin in ImageJ software [161] with a customized drop photography 

system, which was calibrated by deionized water. The blood viscosity was measured using a 

Brookfield DV-E Viscometer with the spindle SC4-18 according to ASTM D2196-15 Standard 

Test Methods for rheological properties of non-Newtonian Materials by Rotational (Brookfield) 

Viscometer (Test Method B) [162]. The measured viscosity at different shear rates were plotted in 

Fig. 4.1(a)-(c) for all the three sets of experiments. The blood shear-thinning behavior was 
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presented in Fig. 4.1(a)-(c). A power-law fluid model was employed to fit the experimental results 

and the asymptotic viscosity at an infinite shear rate (– ) was obtained. –  will be used as the 

characteristic viscosity of the porcine blood in the following analysis. It has been shown by a few 

studies [18], [35] that the blood droplet impact dynamics is not influenced by its shearing thinning 

property. The blood density (”), surface tension („), and viscosity at infinite shear rate (– ) were 

summarized in Table 4.1 for the three sets of experiments.  

 

Figure 4. 1. Experimental measurement and power-law fluid model fitting of the blood viscosity 

at different shear rates for (a) Experiment (i), (b) Experiment (ii ), and (c) Experiment (iii ).   
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Table 4. 1. Primary physical properties of porcine blood used in the three experiments.   

Experiment 

Density 

(g/mL) 

Dynamic Viscosity 

@ ‎  (mPa.s) 

Surface Tension 

(mN/m) 

(i) 1.04 5.7 60.3 

(ii ) 1.05 4.4 59.9 

(iii ) 1.05 5.0 59.4 

 

4.2.2 Fabrics Preparation and Characterization 

The fabrics used in the experiments include 100% cotton plain woven, 100% cotton 3×1 

twill, and 100% cotton jersey knit. Prior to use, standard laboratory practice for home laundering 

fabrics by AATCC monograph M7 was carried out on all fabrics to simulate a rigorous home 

laundering [163].  In this process, the washer was filled with water at φπ σЈὅ  and selected a 

lukewarm rinse setting of  ςω σЈὅ. The detergent TIDE (a registered trademark of Procter & 

Gamble Co., Cincinnati OH 45217) was added in the amount of  φφ ρ gram. The wash timer 

was set for a 12-minute cycle.  Upon completion of the entire cycle, the load was transferred to a 

dryer at the high temperature setting for a 45-minute cycle. After laundering fabric, samples of 

10ò×6ò(25.4cmĬ15.2cm) were cut and ironed to remove wrinkles. 

As shown in Ref. [154], a detailed characterization of the textile structure is important 

when conducting BPA on textiles. Therefore, the fabric characterization in this work has been 

carried out at different levels, in terms of fabric structure, yarn properties, and surface roughness.  

Keyence VKx1100, a Confocal Laser Scanning Microscope (CLSM), was used to measure 

the surface roughness. The fabric structure for the plain woven is demonstrated in Fig. 4.2(a). For 

the plain woven fabric, the width of the warp and weft yarns were generally similar (πͯȢρψάά). 

The spacing between the warp yarns (πȢπράά) was much smaller than that between the weft yarns 
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(πȢρχάά). For the 3×1 twill fabric and jersey knit fabric, the technical front and technical back 

have distinct structures, which have been shown through Figs. 4.2(b)-(e). Moreover, for the plain 

woven and 3×1 twill fabric, the warp yarn and weft tarn are different. For the single jersey knit 

fabric, however, the wale and course yarns are the same type.    

 

Figure 4. 2. Laser images for different fabric structures obtained from the confocal microscope.  

The properties of the three types of fabrics were measured and are summarized in Table 

4.2. The fabric thickness was measured by AMES thickness tester following test option 1 in the 

ASTM D1777-96 (Reapproved 2019): Standard Test Method for Thickness of Textile Materials 

[164]. Fabric count was measured according to ASTM D3775-17e1: Standard Test Method for 

End (warp) and Pick (Filling) count of Woven Fabrics [165]. The weight of the fabric in grams 

per square meter was tested following option C in the ASTM D3776/D3766M-09a (Reapproved 

2017): Standard Test Methods for Mass Per unit Area (weight) of fabric [166].  

Table 4. 2. Properties of the three types of fabrics.  

Fabric Characteristics Plain Woven 3×1 Twill Single Jersey Knit 

Thickness (mm) πȢςφπȢπρ πȢττπȢπρ πȢυωπȢπρ 

Tread Count (epi × ppi)a 124 × 66 110 × 44 35 × 35 

Weight per unit area (ὫȾά ) 124.0 236.9 159.5 

a epi × ppi = ends-per-inch × picks-per-inch  
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Yarn properties are summarized in Table 4.3 for the three types of fabrics. Yarn number 

and linear density were measured according to the ASTM D1059-17: Standard Test Method for 

Yarn Number Based on Short-Length Specimens [167]. Warp and weft yarns for the plain woven 

fabric generally share similar properties in terms of the linear density.  

Table 4. 3. Yarn properties of each type of fabric.  

Fabric Yarn 
Linear density 

(g/m) 

Yarn number 

Denier a Dtex b Ne c 

Plain 

Woven 

Warp 0.01427 128 143 41.4 

Weft 0.01413 127 141 41.8 

3×1  

Twill  

Warp 0.02586 232.7 259 22.8 

Weft 0.05393 485.4 539 11.0 

Jersey 

Knit 

Wale 
0.02210 198.9 221 26.7 

Course 
a Denier=g/9000m; b Dtex=g/10000m; c Ne=5905 Dtex 

 

The roughness measurement was conducted for all the five different fabric structures (Plain 

Woven, Twill Front, Twill Back, Knit Front, Knit Back) in terms of the area roughness (Ὓὥ, 

arithmetical mean height of an area on the fabric). The area roughness was measured within 

different regions of interest (ROI) on the fabric sample. The results showed that the roughness 

difference among different ROIs was not statistically significant (Ὂ Ὂ ). The 

average surface roughness for the five fabric structures were summarized in Table 4.4. 

Table 4. 4. Surface roughness of five different fabric structures.  

Fabric 

Surface 

Surface 

Roughness, 

Ὓὥ (‘ά) 

Line Roughness Parameter 

Ra (‘ά) Rsm (‘ά) Rpk (‘ά) 

Plain Woven ςτȢρ πȢω 
Warp Weft Warp Weft Warp Weft 

16.5 17.6 232 240 22.0 18.0 
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Table 4. 4. (Continued).  

Twill Front συȢω ρȢυ 
Warp Weft Warp Weft Warp Weft 

35.3 34.4 303 452 39.8 41.6 

Twill Back σχȢυ σȢς 
Warp Weft Warp Weft Warp Weft 

16.9 33.7 257 419 32.0 39.5 

Knit Front φπȢτ ψȢπ 
Wale Course Wale Course Wale Course 

42.2 54.7 299 203 96.2 86.9 

Knit Back χπȢς ψȢτ 
Wale Course Wale Course Wale Course 

53.4 55.8 212 442 71.9 73.6 

 

Line roughness (Ὑὥ, arithmetical mean height of a line on the fabric) along more selected 

directions was also measured for Plain Woven and is summarized in Fig. 4.3. For the plain woven 

fabric, basically, there are four types of fabric line segment, including the warp-weft-warp, weft-

warp-weft, weft-weft-weft, and warp-warp-warp. Figure 4.3(e) further demonstrates the 

directional roughness in a polar coordinate. It is shown that the line roughness along the weft 

direction attains its minimum. It increases as the direction turns towards the warp direction and 

reaches its maximum along the warp direction.  

Prior to the experiment, each fabric sample was ironed again to remove the wrinkles. Then, 

the fabric was backed on a 6ò (15.24cm) hard plastic disk and fixed by a plastic embroidery hoop. 

Special caution was exercised in mounting the hard-backed fabric surface to avoid inducing any 

extra tensions through stretching the yarns. By comparing the fabric structure under an optical 

microscope, it was found that the yarn spacing for plain woven fabric (technical front and back) 

and 3×1 twill fabric (technical front and back) generally remain the same before and after being 
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mounted. However, for the knit fabric, certain difference was observed due to the elasticity of the 

knit fabric, which unavoidably induce stretching of the yarns during the mounting process.         

 

 

Figure 4. 3. Measurement of fabric line roughness along different directions and in different 

scenarios, including (a) warp-weft-warp, (b) weft-warp-weft, (c) weft-weft-weft, and (d) warp-

warp-warp. (e) A sketch showing the fabric directional roughness. Ὑ  is the averaged line 

roughness along the same direction. 

4.2.3 Visualization Setup  

The visualization setup for each set of experiment was slightly different. To clarify the 

experimental details, the arrangement of apparatus in each setup was described separately as 

follows.  

Experiment (i) & (ii) Figure 4.4 demonstrates the multiscale imaging system for experiment 

(i) and (ii ), consisting of high-speed/low-speed video recording setup (Fig. 4.4a), macroscopic 

bloodstain imaging setup (Fig. 4.4b), and microscopic bloodstain imaging setup (Fig. 4.4c). In the 

video recording setup, the two high speed cameras were for capturing blood droplet impact 
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dynamics; and the DSLR video camera was for recording the low speed but long-time blood 

droplet wicking dynamics on the fabric. HSC #1 (nac HotShot 1280) is placed horizontally to 

capture the droplet falling trajectory with a Sigma 50mm f/2.8 macro lens at a frame rate of 4,000 

fps. The side-view of the droplet-surface interaction was also recorded by this camera. A second 

high-speed camera, HSC #2 (Phantom v4.3), arranged orthogonally to HSC #1, was tilted 45° with 

respect to the horizontal direction to record the droplet impact process through a Nikon 60mm 

f/2.8 macro lens at a frame rate of 4,400 fps. Backlighting was used for both cameras to illuminate 

the droplet.  

 

Figure 4. 4. Multiscale imaging system. (a) High-speed and low-speed video recording setup 

(sketch shown in dashed box), (b) macroscopic bloodstain imaging setup, and (c) microscopic 

bloodstain imaging setup.   
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The two high-speed cameras and other associated optics were synchronized using a 

pulse/delay generator (Stanford Research DG535). Generally, the two high-speed cameras 

recorded less than 1 second after the blood droplet hit the target surface. Therefore, the long blood 

wicking process on the fabric surface was mostly recorded by DSLR Camera #1 (Canon 60D) with 

an 18-135mm Canon EFS lens. DSLR Camera #1 was tilted 70° with respect to the ground. No 

external light source was used for the low-speed recording. The recording by DSLR Camera #1 

lasted more than 3 minutes, which was long enough to cover the entire wicking process.  

The examination of the bloodstain was conducted in both macroscale and microscale. 

Figure 4.4(b) demonstrates the macroscale bloodstain imaging setup, which consists of DSLR 

Camera #2 (Canon 1200D) and a Canon macro lens (Canon EF-S 35mm f/2.8). This setup was 

used to image both the fresh bloodstain (~5mins after impact) and the dried bloodstain (~24hrs 

after impact). More details of the bloodstain were obtained through an Omano optical microscope 

(8×) with DSLR Camera #3 (Canon Rebel T6i) as shown in Figure 4.8(c).  

In summary, the data set obtained in experiment (i) and (ii ) included the high-speed video 

( ρί) from the side view, the high-speed video ( ρί) from the tilted view (τυЈ), the low-speed 

video ( σάὭὲί) from the tilted view, the macroscopic bloodstain image (ψ σσ‘άȾὴὭὼὩὰ) for 

the fresh (ͯυάὭὲί after impact) and dried bloodstains (ςτὬὶί ), and the microscopic bloodstain 

image (πȢυ‘άȾὴὭὼὩὰ) for the dried bloodstain. In this way, a full history was obtained for the 

formation of resulting bloodstains on fabric, after the blood droplet impact.   

Experiment (iii) Similar setup as shown in Fig. 4.4 was utilized in the third set of 

experiment with the high-speed/low-speed video recording setup being slightly different from that 

in Fig. 4.4(a). Figure 4.5 demonstrates the video recording setup specially constructed for 

Experiment (iii ). A brief explanation of the experimental setup is as follows. The fabric was 
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mounted on a tilted plate whose angle with respect to the ground has been preset by a goniometer 

for the corresponding impact angles. The syringe needle was placed 200mm above the droplet 

impact site for all different impact angles.    

 

Figure 4. 5. High-speed and low-speed video recording setup constructed in the blood drop 

inclined impact experiment.  

The High-speed camera #1 (at 3,000 fps), together with an 18-135mm Canon EFS lens, 

was placed horizontally to record the side-view evolution of blood drop profile on the inclined 

fabric surface. A LED light with Fresnel lens was used as the backlighting for the High-speed 

Camera #1. The High-speed Camera #2 (at 3,000 fps), together with a Nikon 60mm f/2.8 macro 

lens, was rotated in three dimensions to find the best view for recording the dynamic blood drop 

morphology on the fabric surface. Therefore, for different set of impact angles, the posture and 

position of the High-speed Camera #2 is different. A 100W halogen light was used for High-speed 

Camera #2. Special caution was paid to reducing the effects of possible heat on the fabric surface 

and corresponding bloodstains. Finally, the DSLR Camera #1, together with a Sigma 50mm f/2.8 
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macro lens, was placed right in front of the surface this time to capture the subsequent wicking 

process at a frame rate of 60 fps.        

4.2.4 Data Processing and Analysis 

Similarly, the data processing and analysis workflow varies between experiment (i) & (ii ) 

and experiment (iii ). Details are included as follows.  

Experiment (i) & (ii) The droplet diameter and impact velocity were calculated from the 

high-speed videos obtained by HSC #1. The evolution of droplet morphologies was extracted from 

HSC #2 for the impact process, and from DSLR Camera #1 for the wicking process. It should be 

noted that the two video cameras were tilted by a certain degree, leading to certain distortions in 

the bloodstain appearance. To achieve an accurate measurement of bloodstain shapes, an Inverse 

Perspective Mapping (IPM) method was employed to reconstruct the real bloodstain shapes. The 

customized IPM code was written in MATLAB and the intrinsic (optical center and focal length) 

and extrinsic (camera height to target surface, camera yaw, camera pitch, and camera roll) camera 

parameters were specified before the implementation of the IPM reconstruction. The IPM 

reconstruction was conducted on all the image sequences from HSC #2 and DSLR Camera #1. 

Figures 4.6(a) and 4.6(b) demonstrate the IPM reconstruction for the calibration ruler 

captured by HSC #2. It shows that the distortions were restored via the IPM reconstruction. Before 

applying the method in the following data analysis, the accuracy of the reconstructed bloodstain 

shapes was further evaluated via a benchmark study as shown in Figs. 4.6(c) and 4.6(d). The fresh 

bloodstain images obtained from DSLR Camera #2 were chosen as the baseline in Fig. 4.6(c). The 

last image available from DSLR Camera #1 (representing the bloodstain after 3mins and remaining 

unchanged during the rest of the life) was compared with the baseline. It shows that the IPM 

reconstruction works well with camera DSLR Camera #1. Therefore, in Fig. 4.6(d), for the 
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validation of the IPM-reconstructed images from HSC #2, the IPM-reconstructed image from 

DSLR Camera #1 at the same time instance (typically sometime within ρί) was chosen as the 

baseline. Generally, the reconstructed images from HSC #2 can also well recover the real 

bloodstain shapes as shown in Fig. 4.6(d). The errors appear to be increasing a bit for higher impact 

velocities, especially around the local spines. The error could come from the lighting condition, 

bloodstain edge detection, and the IPM algorithm. The achieved accuracy in recovering the 

bloodstain morphologies is sufficient for the following discussions on blood droplet impact 

dynamics, wicking dynamics, and bloodstain shape analysis in experiment (i) and (ii ).  

 

Figure 4. 6. Sample IPM reconstruction of calibration rulers for the 45°-tilted HSC #2 

demonstrated in (a) X- direction and (b) Y- direction; Validation of IPM reconstruction for the 

bloodstain images from (c) DSLRC Camera #1 and (d) camera HSC #2.   
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Experiment (iii) Likewise, the droplet diameter and impact velocity in the inclined impact 

experiment were calculated from the horizontal High-speed Camera #1. The details of the blood 

drop impacting morphologies and wicking process can be obtained from the High-speed Camera 

#2 and DSLR Camera #1, respectively. The difference of the data processing method between 

Experiment (iii ) and Experiment (i)&( ii ) lies in the image reconstruction method. Different from 

the customized IPM code in the above, the commercial MATLAB Camera Calibrator in the 

Computer Vision Toolbox was used in reconstructing the dynamic blood drop morphologies in 

Experiment (iii ). 

 

Figure 4. 7. (a) Images of checkerboard pattern captured for different orientations. (b) Detected 

checkerboard points in the MATLAB Camera Calibrator. (c) Reprojection errors based on the 

calibration results.   
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To calibrate the rotated camera (High-speed Camera #2) using MATLAB Camera 

Calibrator, 18-20 images of a checkerboard were captured, which were bonded to the fabric with 

different orientations as shown in Fig. 4.7(a). Then, these images were imported into the Camera 

Calibrator and the checkerboard points would be automatically detected (as shown in Fig. 4.7b) 

and calibrated. The camera parameters, including the intrinsic, extrinsic, and distortion coefficient 

will be given as the output. Finally, it is shown from Fig. 4.7(c) that the reprojection error is 

generally smaller than half a pixel based on the calibration results.        

 

4.3 Results and Discussion 

4.3.1 Effects of Droplet Impact Velocity 

Temporal evolution of droplet morphology Figures 4.8 and 4.9 demonstrate image 

sequences from different cameras (HSC #1, HSC #2, and DSLR Camera #1). The combination of 

these images can represent the whole temporal evolution of blood droplet after impacting on the 

fabric. Three typical stages can be roughly observed, which include the inertial impact stage, first 

wicking stage, and second wicking stage.  

Figure 4.8 shows the case of a non-splashing blood droplet at a low impact velocity. At 

early times (πͯ ρωάί), the impacting blood droplet on fabric experiences the spreading and 

retraction phase, which is similar to droplet impact on non-textile surfaces. From the tilted-viewed 

images, it is shown that the spreading blood droplet features a surrounding rim around the central 

lamella. During the retraction phase (υͯ ρτάί), the so-called ñinertial-modeò [88] is the dominant 

retraction mechanism. After the retraction, the droplet becomes sessile on the fabric, with liquid 

blood being absorbed vertically by the porous fabric and the stain area remaining almost 

unchanged. This is consistent with what was found in Ref. [158]. Such absorption stage only lasts 

for a short while. At ςφ άί, some lighter area shows up around the sessile drop, indicating the 
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beginning of the radial wicking process. The difference between the two wicking stages can be 

seen from the DSLR images shown in Fig. 4.8. During the first wicking stage, the radial wicking 

propagates uniformly. While during the second wicking stage, more irregularities can be observed 

at the wicking front.  

 

 

Figure 4. 8.  Non-splashing blood droplet morphology during its impact and wicking process (In 

ñHigh-speed Video Cameraò box, the top images are from the side view and the bottom images 

are from the 45°-tilted view; In ñDSLR Video Cameraò box, all the images are from the 70Á-

tilted view. Dash-dot lines for the inertial impact stage, dash lines for the first wicking stage, and 

solid lines for the second wicking stage). 
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Moreover, during the second wicking stage, the increase of the stain area appears slower 

and less than that in the first wicking stage. In a previous paper [168], two phases were also 

classified for droplet wicking process: in Phase-1, significant amount of liquid volume is above 

the substrate; while in Phase-2, most of the liquid is constrained between the top and bottom fabric 

surfaces. By examining the wicking morphologies, Phase-1 and Phase-2 basically corresponds to 

the first wicking stage and the second wicking stage defined in this paper, respectively. 

Similar distinct stages can be observed when splashing occurs as shown in Fig. 4.9. During 

the inertial impact stage, the droplet retraction is no longer dominant. This is possibly because at 

higher impact velocity, more liquid can penetrate the fabric and the anti-retraction drag becomes 

larger. Moreover, the ejected blood spatter also takes away a certain portion of energy, making it 

less likely to retract on the fabric surface. Compared to Fig. 4.8, a blood droplet hitting the fabric 

with a higher impact velocity experiences a shorter inertial impact stage. For instance, for a lower 

impact velocity in Fig. 4.8, the retraction ends at around ρφ άί, while for a higher impact velocity 

in Fig. 4.9, the whole inertial impact stage only takes ρπ άί. The subsequent wicking process 

increases the bloodstain area and more importantly, it significantly alters the bloodstain shape by 

merging adjacent spines. 

The qualitative discussion of the evolving blood droplet and stain morphology reveals the 

influence of the subsequent wicking process in rendering the bloodstains, which are formed right 

after impact on the fabric. But what aspect of the bloodstain does the wicking process alter? How 

much can the wicking process alter the impact-induced bloodstain? What do the underlying 

dynamics look like in the post-impact wicking process? The following quantitative analysis 

focuses on answering these questions, starting with a quantitative classification of those distinct 

stages shown in Figs. 4.8 and 4.9.     
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Figure 4. 9. Splashing blood droplet morphology during its impact and wicking process (In 

ñHigh-speed Video Cameraò box, the top images are from the side view and the bottom images 

are from the 45°-tilted view; In ñDSLR Video Cameraò box, all the images are from the 70°-

tilted view. Dash-dot lines for the inertial impact stage, dash lines for the first wicking stage, and 

solid lines for the second wicking stage). 

Phase classification The quantitative phase classification is based on the spreading curves 

as demonstrated in Fig. 4.10, which shows the temporal evolution of the bloodstain area. The stain 

area was calculated from the tilted-view images instead of the side-view images because the stain 

shape was asymmetric. In the tilted-view images, as shown in Figs. 4.8 and 4.9, the view of the 
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three-phase contact line could be blocked by the surrounding rim and its shadows due to the 

lighting condition. This would make the calculation of the real bloodstain area inaccurate. Such 

limitation affected the calculation during the inertial impact stage. After the end of the retraction, 

the rim will collapse into the central region and no longer affects the detection of the stain 

perimeter. Therefore, as shown in Fig. 4.10(a), the temporal evolution of the stain area only starts 

from the end of the inertial impact stage, which is typically in the order of ρπ άί. 

 

Figure 4. 10. (a) Spreading curves for representative cases showing the temporal evolution of the 

bloodstain area; (b) A detailed stage classification for the whole post-impact process on the 

fabric, including inertial stage, initial absorption, 1st-wiking stage, 2nd wicking stage, and the 

final stage.    

It is shown from Fig. 10(a) that the stain area right after impact is much smaller than the 

final stain area. Because of the subsequent wicking process, the final stain area tends to be similar 

for different impact velocities. This is consistent with what was found in Ref. [153]: for light fabric 

with low mass per unit area (i.e., the one used in current study), the dependence of the bloodstain 

area on the impact velocities is weak. The deviations could be from the minor differences in the 

original droplet diameter, which can be minimized by analyzing them in a non-dimensional way 
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as shown in the next section. Moreover, with a higher impact velocity, the initial bloodstain area 

increases while the slope of the curve decreases, implying a varying wicking rate on the plain 

woven fabric.      

Based on these spreading curves, distinct stages can be classified. A sample stage 

classification is demonstrated in Fig. 10(b). The curves showing the inertial impact stage, as 

marked in dash, was calculated from the side-view images for demonstration. Ὓ is the stain area 

solely induced by the inertial impact; and ὸ marks the end of the retraction and meanwhile, the 

start of the initial absorption [158]. During the initial absorption, the blood is mainly drawn 

vertically to fill up the capillary channels. When the yarns below the impact-induced area become 

saturated, the radial wicking process starts; and the bloodstain area increases dramatically during 

the first-wicking stage as shown in Fig. 4.10(b). Such a wicking process typically lasts for a few 

seconds and after that, the much longer and slower second wicking stage will dominate. As it has 

already been discussed, the first wicking stage mainly contributes to the increase of the bloodstain 

area while the second wicking stage mainly affects the irregularities on the edge of those 

bloodstains. More than that, it is shown in Fig. 4.10(b) that these two wicking stages feature 

different slopes. After the second wicking stage, the blood stain area reaches its final value (Ὓ), 

which remains unchanged during its rest of life. A comparison between the bloodstain images for 

the fresh and dried bloodstains (obtained from DSLRC #2 shown in Fig. 4.4b) reveals no difference 

in the stain area caused by the drying process.     

Analysis of bloodstain area The impact-induced stain area (Ὓ) represents the contribution 

of the inertial impact in forming bloodstains while the final stain area (Ὓ) includes both the effects 

of inertial impact and capillary wicking on the fabric. To make the analysis more universal, several 

dimensionless parameters are introduced as follows: 
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‍ ȟ
Ⱦ

, ‍ȟ
Ⱦ

, ‍ȟ
Ⱦ

.                             (4.1a, b, c) 

ὡὩ ”ὈὟȾ‎, ὙὩ ”ὈὟȾ– .                                       (4.2a, b) 

‍ ȟ denotes the equivalent maximum inertial spread factor, ‍ȟ the equivalent impact-

induced stain factor, and ‍ȟ the equivalent final stain factor. ὡὩ denotes the impact Weber 

number and ὙὩ denotes the impact Reynolds number.  

 

Figure 4. 11. (a) The variation of the impact-induced stain factor and the final stain factor with 

respect to We; (b) Comparison among the experimental data from current study, experimental 

data from de Goede et al. [35], and the theoretical correlation from Lee et al. [19]. (The diamond 

marker and solid line denote the maximum spread factor ‍ ; The circle marker and dashed line 

denotes the impact-induced factor ‍); (c) Evaluation of the contribution of wicking process to 

the final bloodstain area. 
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It is shown from Fig. 4.11(a) that ‍ȟ remains constant for different ὡὩ. The average 

equivalent final strain factor is ‍Ӷȟ τȢυσ. This specific value should be related to the original 

blood drop volume and the fabric porosity characteristics; and it could be estimated based on the 

previous theories developed in Refs. [38], [169].  

In contrast, ‍ȟ increases significantly with the increase of ὡὩ, which can be well depicted 

by an empirical power law correlation as shown in Fig. 4.11(a). To better reveal the fundamental 

physics in blood droplet impact on fabric surfaces, a universal scaling for droplet maximum spread 

factor on non-textile surfaces [19] is utilized. Moreover, experimental data reported in a recent 

study [35] are included for comparison. The experimental conditions are similar except for the 

fabric material. The possible difference resulted from this would be the lack of the wicking process 

in the previous experiment [35], which, however, would not influence the instantaneous impact 

process. 

Figure 4.11(b) demonstrates the comparison. It should be noted that the universal scaling 

[19] and the adopted data from Ref. [35] are both for the maximum spread factor. Therefore, the 

equivalent maximum spread factor (‍ ȟ) in our experiment, as defined by Eq. (4.1a), is also 

included in the plot, which is estimated from the side-view images. It is shown that the correlation 

[19] well predicts the maximum spread factor on plain-woven fabrics in both studies when ὡὩ

ρππ, although it was originally proposed for non-textile surfaces. Moreover, the experimental data 

for the maximum spread factor in both studies agreed very well with each other. For ὡὩ ρππ, 

the theoretical correlation overshoots the experimental measurement. With a higher impact 

velocity (the same as a higher ὡὩ in this study), the viscous dissipation will be dominant. It has 

been shown that the complex structure of a fabric can induce additional viscous dissipation [35], 

which is not considered in the classical correlation [19]. 
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A more important factor that should be a focus for BPA research is the equivalent impact-

induced stain factor (‍ȟ), which is the ñinitialò state for the accompanying wicking process. As 

pointed out in Ref. [38], such information is of great importance as it provides the input to 

simulation models to predict the stain growth on a fabric. It is shown from Fig. 4.11(b) that at low 

ὡὩ, ‍ȟ is smaller than ‍ȟ as the retraction is dominant. At high ὡὩ, the variation of ‍ȟ is 

roughly the same as ‍ ȟ. Moreover, it is found that after a critical Weber number (ὡὩͯτππ), the 

increase becomes minor and approaches a flat line. By adopting the universal scaling [19], the 

experimental measurement of ‍ȟ in the current study can be predicted by the following modified 

correlation: 

‍ȟ ‍ȟȿ
Ⱦ
ὙὩ Ⱦ ȟὡὩ τςπ

‍ȟ ‍ȟȿ
Ⱦ
ὙὩ Ⱦ πȢφσȟὡὩ τςπ

.                               (4.3) 

Once ‍ȟ and ‍ȟ have been determined, the contribution of wicking to the bloodstain area 

can be analyzed, as shown in Fig. 4.11(c). Such a contribution can be quantified in terms of ‍ȟ

‍ȟȾ‍ȟ. The larger this ratio, the more increase of the bloodstain area is induced by the wicking 

process. The ratio is plotted against the Reynolds number for the convenience of asymptotic 

analysis in the next section. It is shown from Fig. 4.11(c) that with higher ὙὩ (higher impact 

velocity), the influence of wicking becomes weaker in increasing the bloodstain area. Figure 

4.11(c) also shows the two asymptotic values of this ratio at two limiting conditions. At near zero 

ὙὩ (zero Ὗ), this ratio approaches a constant as follows: 

ȟ ȟ

ȟ
ȿᴼ

ȟ ȟȿ

ȟ
πȢχ.                                         (4.4) 

At extremely high ὙὩ (high Ὗ ), ‍ȟ can be approximated by Eq. (4.3) for the case of 

ὡὩ τςπ. Therefore, the asymptotic value of the ratio becomes 
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.                    (4.5) 

Blood droplet wicking dynamics on fabrics The Washburn equation [170] is usually used 

to depict the wicking (or imbibition) of liquid from an infinite reservoir in 1-D case [1]. For 

wicking from a finite reservoir, an equation ὃ ὑ‎Ⱦ– ὠ ὸ is developed [168]. ὃ is the 

wicking area, ὑ is the fabric sorption coefficient, and ὠ is the droplet volume. Theoretically, ό

ὲ πȢσσ and ά πȢφχ. Such a correlation cannot be used in the current study, as the initial area 

before the wicking occurs cannot be neglected, which is a presumption of the equation above [168].  

According to Ref. [168], in the first wicking stage, the wicking condition can be considered 

as wicking from an infinite reservoir. In this study, the warp and weft yarns have the same 

properties and dimensions. Therefore, the analysis for the first wicking stage here is based on the 

following equation, which is adopted from the correlation that describes the radial wicking for 

isotropic wicking scenario [171]: 

ὖ
ᶻ

ȟ ȟ

ÌÎ
ȟ

ρ
ȟ

.                                         (4.6) 

ὖ is the capillary pressure in the fabric, Ὧ is the fabric permeability, ‰ is the fabric 

porosity, ὶ is the instant radial wicking length, and ὶȟ is the radius of the wicking source, which 

is exactly the equivalent radius of the impact-induced stain. As discussed above, (ὸȟ‍ȟ) marks 

the beginning of the wicking process. For the current study, ὸᶻ ὸ ὸ, which is the pure wicking 

time. Moreover, ὶȾὶȟ ‍Ⱦ‍ȟ. Therefore, by substitution of the two correlations above and 

appropriate arrangement, Eq. (4.6) becomes the following: 

ὖ
ȟ

ȟ

ȟ
ρ ÌÎ ȟ

ȟ
ρ ρ ȟ

ȟ
ρ .         (4.7) 
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ὸ ὸȾὸ  denotes the dimensionless wicking time, and ‍ ‍ȟȾ‍ȟ  the 

dimensionless wicking factor. Finally, the left-most term in Eq. (4.7) can be put together as a 

coefficient ὅᶻ as follows: 

ὅᶻ ὖ
ȟ

ὖ
ȟ

 ,                                                  (4.8) 

where ὠ  is the averaged contact line velocity during the inertial impact stage, which is 

usually proportional to the droplet impact velocity Ὗ. Equation (4.7) is too complicated to have a 

simple expression solution. Nevertheless, by examining the right-hand side of Eq. (4.7), it is shown 

that the function can be approximated by a simple function as πͯȢφ ‍ ‍ȟ Ⱦ‍ȟ . Therefore, 

a simple correlation for describing blood droplet post-impact wicking dynamics during the first 

wicking stage is proposed as follows: 

ȟ

ȟ
ὅ

 Ⱦ

.                                                          (4.9) 

where, ὅ here is defined as the ñwicking coefficientò and is different from ὅᶻ. By using 

Eq. (4.9) to fit the experimental data, the values of the wicking coefficient ὅ can be determined, 

which is demonstrated in Fig. 4.12(a). Eq. (4.9) proves to be a good description of the wicking 

dynamics in the first wicking stage: The R-squared values for the fitting based on Eq. (4.9) are 

mostly above 0.9. Moreover, after arranging ὅ to the left of Eq. (4.9), all the curves in the log-log 

scale collapse together as shown in Fig. 4.12(b). The slope of the collapsed curves is close to 0.5. 

Therefore, it implies that the Washburn equation (infinite reservoir wicking) still applies to the 

first stage wicking process of an impacting blood droplet on plain woven cotton fabric. Moreover, 

the power coefficients are the same for different impact velocities. In contrast, the wicking 

coefficient ὅ is dependent on the impact velocity. The variation of ὅ can be well predicted by a 
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power law with respect to the impact Weber number. By recalling the definition of the wicking 

coefficient, it is reasonable to approximate it as follows: 

ὅͯ Ѝὅz ὖ
ȟ

.                                                     (4.10) 

For different impact velocities, ὖ, –, Ὧ, ‰, and Ὀ  remain constant. Therefore, the 

variation of ὅ with respect to ὡὩ can be approximated as follows: 

ὅͯ
ȟ
ͯ

ȟ
ͯ Ȣ Ȣ ὡͯὩ

Ȣ .                                      (4.11) 

Such approximation can well correlate the varying wicking coefficients as show in Fig. 

4.12(a).  

 

Figure 4. 12. (a) Variation of the wicking coefficient C with different impact Weber numbers; 

(b) Collapse of all the curves during the first-wicking stage based on Equation (4.9).    

4.3.2 Effects of Fabric Type 

Comparison of drop impact morphologies and dynamics Figures 4.13(a)-(e) demonstrates 

the morphologies of blood droplets impacting on the five different textile surfaces, including the 

Plain Woven, Twill Front, Twill Back, Knit Front, and Knit Back, with an impact velocity of around 

πȢωάȾί. It should be noted that Figs. 4.13(a)-(e) exclude the wicking process and focuses on the 

blood droplet impact process only. It is shown that blood droplets all experience the spreading and 
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retraction stages after impact upon these textile surfaces. The spreading process on these complex 

textiles surfaces is similar to those observed on simple surfaces. At very early stage, the initial 

spreading stage dominates with no obvious lamella. Later, a surrounding lamella is formed and 

keep spreading outwards. At a critical time, the surrounding rim ceases its radial motion and a 

maximum spread on the surfaces was achieved. After this point, the surrounding rim was observed 

to recoil back towards the center of the spreading area and the central height increased during this 

recoiling process, which typically ends within ρράί for all the five different fabric structures. The 

retraction of the three-phase contact line (TPCL) could not be visually detected due to the blockage 

of the rim outer edge and the light shadows, from the oblique-view images in Figs. 13(a)-(e). 

Referring to Table 4.4, it is shown that the average surface roughness (Ὓὥ) of Knit Back > 

Knit Front > Twill Back > Twill Front > Plain Woven. From Fig. 4.13(e), it is demonstrated that 

the droplet impact on the Knit Back surface exhibits the strongest rim instabilities, which is clearly 

revealed from the start of recoiling process. In contrast, the rim of the blood drop on the twill fabric 

(both front and back) appears the smoothest among the three types of fabrics. Three repetitions 

were conducted for each experimental condition listed in Fig. 4.13. The findings generally hold 

true for all the examined cases. It is striking that though the twill fabric has higher Ὓὥ than the 

plain woven fabric, it induces less disturbance on the rim of the spreading blood drop. 

Furthermore, when the blood drop impact velocity doubles, more differences can be 

observed regarding the rim instabilities. Figures 4.14(a)-(e) illustrates the blood drop morphologies 

at an impact speed of ςάȾί on the five different fabric structures. At this impact Weber number 

(ὡὩͯςρπ), strong instabilities start to show on the rim of the impacting blood drops, but splashing 

has not begun yet (no generation of satellite droplets). Elongated fingers (spines) were observed 

on the Plain Woven, Knit Front, and Knit Back. In contrast, on Twill Front and Twill Back, the rim 
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of the blood drops only presents some scallops, which are short, rounded convex structures. It 

should be noted that due to the limitations in the lighting setup, shadows of these fingers and 

scallops were not well eliminated in the current experiment. Fortunately, these shadows could be 

easily identified with their associated fingers or scallops and then were excluded in analyzing the 

number of these surrounding fingers and scallops. 

For the third tested impact velocity (Ὗ υͯάȾί), splashing was observed on all the five 

fabric structures. But the detailed morphologies and splashing characteristics on different surfaces 

are different. The blood drop splashing morphologies, characteristics and dynamics will be later 

discussed in the last part of this section.   
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Figure 4. 13. Blood drop impact morphologies with an impact velocity of ράȾί on (a) Plain 

Woven, (b) Twill Front, (c) Twill Back, (d) Knit Front, and (e) Knit Back surfaces. 
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Figure 4. 14. Blood drop impact morphologies with an impact velocity of ςάȾί on (a) Plain 

Woven, (b) Twill Front, (c) Twill Back, (d) Knit Front, and (e) Knit Back surfaces. 
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Comparison of bloodstain area Similar to what has been defined and analyzed in Section 

4.3.1, the two key dimensionless stain factor, namely the equivalent impact-induced stain factor 

(‍ȟ) and the equivalent final stain factor (‍ȟ), are compared among the five different fabric 

structures. Figure 4.15 demonstrates the values of ‍ȟ  for different fabric structures. 

Measurements were repeated three times for each experimental condition and error bars are 

included in Fig. 4.15.  

 

Figure 4. 15. Variation of the impact-induced stain factor at different Weber numbers for 

different fabric surfaces.  

As illustrated previously, the impact-induced stain factor is supposed to increase with the 

increase of drop impact energy and thus the impact Weber number (ὡὩ) on Plain Woven fabric. 

Figure 4.15 further demonstrates that this trend holds true for both the technical front and back of 

the 3×1 twill fabric and jersey knit fabric. Differences can be observed in terms of ‍ȟ among the 

five different fabric structures. Generally, ‍ȟ is the largest on the 3×1 twill fabric, smallest on the 

jersey knit fabric, and in-between on the plain woven fabric. It should be noted here that twill 

fabric has higher surface roughness than the plain woven fabric but has larger impact-induced stain 

factor. This implies that the absolute surface roughness (Ὓὥ) alone cannot be used to explain the 
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difference in the impact-induced stain factor; or at least the influence of the Ὓὥ on ‍ȟ is not 

monotonical. Differences between the two sides of the same fabric are much smaller than 

differences among different fabric types and they seem to be well consistent with the measured 

values of Ὓὥ. For larger values of Ὓὥ (on Twill Back and Knit Back), the impact-induced stain 

factor tends to be slightly smaller, especially at higher ὡὩ. 

 

Figure 4. 16. Variation of the final stain factor at different Weber numbers for different fabric 

surfaces.  

The other important stain factor, the equivalent stain factor (‍ȟ), has been shown in 

Section 4.3.1 to have a very weak dependence of impact Weber number for plain woven fabric. 

Figure 4.16 further demonstrates the variation of ‍ȟ with three different ὡὩ for the five different 

fabric structures. It is shown that the dependence of ‍ȟ on ὡὩ is much weaker than ‍ȟ. For 

Plain Woven, a minor decrease (τϷ) was observed when the Weber number increases from υͯπ 

to ͯ ρςππ. On the other hand, for Twill Front, Twill Back, Knit Front, and Knit Back, slight 

increase (φϷ, φϷ, ψϷ, and τϷ) of ‍ȟ is demonstrated with the increase of ὡὩ. Considering the 

small variation ( ψϷ) and uncertainties of measurement, the average equivalent stain factor 

could be used to approximate the equivalent final stain factor for blood drop impacting on plain 
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woven fabric, 3×1 twill fabric, and jersey knit fabric. These average equivalent stain factors (‍Ӷȟ), 

for a blood drop with a volume of ρχȢυ‘ὒ or a diameter of σȢςάά, are 4.75 for Plain Woven, 3.81 

for Twill Front, 3.79 for Twill Back, 2.85 for Knit Front, and 2.71 for Knit Back. Whether this 

constant depends on the initial blood drop volume or not will be further investigated later.             

As can be seen from the above, differences in ‍ȟ among different fabric types are huge. 

‍Ӷȟ for plain woven fabric and 3×1 twill fabric is generally 71% and 37% larger than that for 

jersey knit fabric. However, for the same fabric, the front and back generally lead to similar 

equivalent final stain factor. The values of ‍ȟ on Twill Front and Twill Back are almost the same. 

The values of ‍ȟ on Knit Back are slightly ( σͯϷ φϷ) smaller than that on Knit Front. 

Compared to the 3×1 twill fabric, the front and back of the jersey knit fabric differ a bit more in 

the value of absolute surface roughness. Therefore, the observed difference in ‍ȟ for Knit Front 

and Knit Back implies that for the same fabric (same yarn compositions), the surface structure 

could have certain effects on the final stain factor when resulting in different surface roughness.      

By comparing Fig. 4.15 and Fig. 4.16, it is shown that the difference in the stain factor 

among different types of fabrics becomes larger for the final stain factor than that for the impact-

induced stain factor. It has been shown in Section 4.3.1 that the wicking process will dominate 

after the inertial impact process. Therefore, the subsequent blood wicking motion should be 

responsible for the significant difference among different fabric types. Figure 4.17 summarizes the 

contribution of subsequent wicking in the final stain factor for the five different fabric structures, 

which has been defined in Section 4.3.1 as ‍ȟ ‍ȟ Ⱦ‍ȟ. For all examined fabric structures, 

this ratio decreases with the increase of Reynolds number (ὙὩ) or impact velocity (Ὗ) in current 

study, indicating weaker influence of wicking in determining the final bloodstain factor or area. 

Generally, the blood drop wicking is the most significant on the plain woven fabric while least 
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significant on the jersey knit fabric (both front and back). The difference is minor at low impact 

velocity Ὗ (small ὙὩ) and becomes larger with the increase of Ὗ. According to Refs. [38][169], 

during the wicking process, only the liquid part within the whole blood can wick in the pores of 

the fabric, formed inside the yarns and between different fibers. The smaller these pores are, the 

further the blood drop will wick. Therefore, depending on the yarn properties, the wicking ability 

of these different fabrics are correspondingly different. It is shown that for the same fabric (same 

yarns), the surface structure has no influence on the wicking process for the 3×1 twill fabric; but 

does affect the wicking process on the jersey knit fabric. As shown from Fig. 4.17, the contribution 

of wicking on Knit Back is generally weaker than that on Knit Front and the difference grows with 

increasing impact velocity.   

 

Figure 4. 17.Variation of the contribution of wicking in forming the final bloodstain area at 

different Reynolds numbers for different fabric surfaces.  

Comparison of wicking dynamics It has been demonstrated in Section 4.3.1 that Equation 

4.9 can well approximate the first-stage blood drop wicking dynamics on plain woven fabric. The 

question is that will  the simple power law apply to other types of fabrics, like the 3×1 twill fabric 

and jersey knit fabric? Wil l the surface structure affect the wicking dynamics for the same type of 
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fabric? This part will focus on the comparison of the first-stage wicking dynamics on these five 

distinct fabric structures.  

The data analysis method is slightly different from that in Section 4.3.1. In Section 4.3.1, 

the data from the high-speed video camera and the DSLR video camera were combined to have a 

full history of blood drop impacting, spreading, and wicking process on fabrics. The post-impact 

wicking dynamics were analyzed based on the combined data set after certain interpolation 

(between the high-speed video camera and DSLR camera) and correction of the tilted view. 

However, at the completion of this dissertation, such combined data set is not available yet. 

Therefore, to have a preliminary comparison of the wicking dynamics among different fabric 

surfaces, only the data from the DSLR video camera were used in the analysis.  

The first captured bloodstain image by the DSLR video camera is approximated as the ñend 

of drop retraction processò. Because the data from the high-speed video camera and DSLR video 

camera are not interpolated yet. Therefore, the absolute time after droplet impact for each frame 

in the DSLR video is unknown. In the analysis, the parameters associated with the first image are 

assigned as ὸ (time after impact when the retraction process ends) and ‍ȟ (impact-induced stain 

factor). It should be noted that ὸ is an unknow here. But the time elapsed after the end of retraction 

for each frame is a relative time and can be calculated as ὸ ὸ  solely based on the DSLR videos. 

To make the analysis self-consistent, ‍ȟ was calculated based on the first bloodstain image frame 

captured by the DSLR video camera, although its values can be more accurately calculated from 

the high-speed video camera and have been analyzed in the above. The comparison of the values 

of ‍ȟ  calculated from high-speed videos and approximated from the DSLR videos is 

demonstrated in Fig. 4.18 for the estimation of any inaccuracies. It is shown that the error caused 
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by the estimation tends to be very small. Therefore, the current data analysis method in the wicking 

dynamics solely based on the DSLR video data set is considered valid.   

 

Figure 4. 18. Comparison of the ‍ȟ estimated from DSLR video data and the ‍ȟ obtained from 

the high-speed video data.  

Because ὸ is unknown, the normalization of the elapsed time was conducted in terms of 

ὈȾὟ with ὸᶻ ὟὸȾὈ and ὸᶻ ὟὸȾὈ . Moreover, the absolute wicking factor (‍ ὸ ‍ȟ) 

rather than the relative one (‍ ὸ ‍ȟ Ⱦ‍ȟ) is focused in this part. As a result, the fitting 

function used to compare wicking dynamics on different fabrics is as follows, which is different 

from Equation 4.9: 

‍ ὸ ‍ȟ ὅ ὸᶻ ὸᶻ .                                             (4.12) 

It should be noted that Eq. 4.12 is only an empirical fitting function while Eq. 4.9 is an approximate 

solution of Eq. 4.9. According to the discussion in Section 4.3.1, the power coefficient ὅ basically 

denotes the wicking rate of the blood drop on the fabrics. In Eq. 4.9, the power coefficient was 

fixed at ρȾς; while in Eq. 4.12, the power coefficient is also a fitting parameter. The focus of the 

analysis here is to find the best power coefficient (ὅ) for blood drop wicking on each fabric surface. 

Figures 4.19, 4.20, and 4.21 demonstrate all the fitting results of the first-stage wicking 

process for all the five different fabric surfaces, all the three different impact velocities, and all the 
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three repetitions. The end of the first-stage wicking was selected as the image frame when no liquid 

blood is observed to be above the fabric surface (all liquid part already wicks into the fabrics). 

This critical image frame was selected based on the DLSR videos. When the central part of the 

bloodstain becomes transparent, it is considered as the time instant that the first stage wicking 

process has ended. A more accurate determination of this critical image frame could be obtained 

from side-view images, which was not available in the current study. In the future, a horizontal 

DSLR video camera may be added for a more accurate determination of the end of the first-stage 

wicking process.           

A preliminary examination of Figs. 4.19, 4.20, and 4.21 shows that the first-stage wicking 

process differs on different fabric surfaces in terms of the power coefficient and wicking duration. 

Specifically, Figure 4.22 analyzed the power coefficients and wicking durations on different fabric 

surfaces, including all the impact velocities. For the power coefficient, it is shown from Fig. 4.22(a) 

that the theoretical value of 0.5 can generally approximate the first-stage wicking rate on the Plain 

Woven, Twill Front, and Twill Back. No significant difference in ὅ was observed among these 

three fabric surfaces. In contrast, the values of ὅ are significantly larger on Knit Front and Knit 

Back. Specifically, Knit Back has the largest values of ὅ among all the fabric surfaces. The 

difference between the Knit Front and Knit Back is also relatively more significant than that 

between Twill Front and Twill Back. On the other hand, the difference in the dimensionless 

wicking duration is also significant among different fabric surfaces. Plain Woven has the longest 

wicking duration among the five fabric surfaces and single jersey knit fabric has the shortest 

wicking duration. The wicking duration on 3×1 twill fabric is in-between. According to Fig. 

4.22(b), there is no significant difference in the dimensionless wicking duration between the front 

and back for the same type of fabric.      
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Figure 4. 19. Fitting results of the first-stage wicking process based on Eq. (4.12) for the impact 

velocity of ράȾί on (a) Plain Woven, (b) Twill Front, (c) Twill Back, (d) Knit Front, and (e) 

Knit Back surfaces. 


