ABSTRACT

WANG, FUJUN Impact and Wicking Dynamics of Blood Droplets on Textile Surfagésder
the directiorof Dr. Tiegang Fany

Droplet impact and wickingre theessentiaprocess in manindustrial, agricultural, and
automotive application®\n improved understandingf the dynamicsn these two processes will
benefit those dropletlated technological applications. Specifically, the reseancthe blood
droplet impact and wickingn textile surfaces will provide fundametitaimportant perspectives
for the application of bloodstain pattern analysis (BPA) in forensic science.

Experimental and theoretical investigations have been carried out to stuchp#et and
wicking dynamicgfor both blood and water droplets on both textile and-tetile surfacesto
have a thorough understanding of the inherent dynamics in dsapfete interactions.

Energy balance analysis is conducte@lvapter Zor modeling the maximum spread factor
¢ ).Arim-lamella model for predictinlg is proposed with a bettassumptiorof droplet shape
at its maximum spread.he proposed model is validated by the experimental measurements for
water droplets on different surfaces; and inore accurate predicting compared to previous
ones.The strength and weakness of the new model in associated aspects are psowidid

Next, the dynamics of water droplet retraction after reaching the maximum spread are
investigated on different surfacesChapter 3Distinct droplet retraction modes are classified and
the characteristics in different modes are compared aogtydiThe influence of the droplet
impact Weber numbery'Q and surface wettabilities (in terms of advancing contact argil®n
the droplet retraction rate studied in detaind a semempirical model is derived for predicting
such influence. Ithe end certain similarity behavior during droplet retraction process is revealed.

FurthermoreChapter 4 reporta systematic parametric study of the influence of droplet

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



dynamics on fabricsThe analysis throughout the chapter emphasimgdependent analysis of
two distinct process: blood droplet impact and the subsequent wicking prbecesimensionless

bloodstain factor right after impagt ) and tke final bloodstain factof ( ;) areusedto quantify

the evolution of bloodstain at different stages. The contribution of theirmppatt wicking in

forming bloodstainss evaluated a3 | A j. Classical wicking theorys borrowed and
modified to explain the dynamics of the complex wicking process after blood droplets impact on
fabrics. The droplet impact velocity (ar'Q significantly affect§ ; but notf . It is also
important in determining the contribution of wicking damvicking dynamics.Considerable

differences are observed among different types of fabrics in termg,0f 5, contribution of

wicking, wicking dynamics, and their variation withQ Blood droplet splashing characteristics

are compared among these fabrics as vimlitinct bloodstain shapes are observed for blood
droplet impact on fabrics with different impagtgles. The more acute the impact angle, the larger
aspect ratio the bloodstain will presefihe 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 investigatiathlOp
operating range is identified for the stable generation of single blood droplet in the-dreplet
demand (DoD) mode. Micro blood droplet impact dynamics is compared with that of micro water
droplets and millimetesized blood droplets. Effects of sare 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 sukfiéettieg is a general
displacement of a sohdir interface with a solidiquid interface[1]. In a broader sense, droplet
i mpact can be r engeartdend pim sphickh thed Hydradymandcs 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 virdtihg
in the capillary chanels[1], [2].

Research into the underlyimmpysicalprocess of these droplstirface interactions is not
only important from a fundamental perspective, but also beneficial to facilitate the development
of many techaological applications. These droplelated applications include, but not limited to,
spray coatind3], inkjet printing[4], pesticide control, additive manufacturifg], 3D printed
electronic materials and devicfg, microfluidics [7], and internal combustion engingg. In
addition to industrial technologies, knowing the droplet dynamics is increasingly important to
other interdisciplinary fiels, such as the disease diagnosis based on a biological droplet deposit
[9], bloodstain pattern analysis in forensic scigi€g, etc.

Particularly, the research needs in ttlissertatiorare for the development af specific
forensic technique: bloodstain pattern analysis (BPA). BRAcesmmon approach in forensics to
provide information about the blood shedding events that occur at the crime scene through
studying the shapes, size, distributiand locations of bloodstairj$1]i [13]. One of themost
important information a forensics investigator wants to know is the location of the blood source

(also referred to Region of OrigirRQ)), which is related to the corresponding group of



bloodstainsGenerally, acommon 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 dropletsd (4) determining the Regiai Origin.
Therefore, it is shown thatipr to determining where thROis, the blood droplet diameté® ),
impact velocity("Y) and impact anglé ) are the inputs that must be knawn

Many works have been conducted in studying the relationship éetweese key
parameters and theharacteristics of detectddioodstains for simple surfaces, which asaially
rigid and norporous Certain theories have been establisioedhterpreting bloodstains on simple
surfacesFor perpendicular impacts, two ingendent equations, which correlate the blood droplet
maximum spread factdi4] (f 0 YOx "QOhY , with O being the maximum spread
diameter on the surfapwith the number of spines in the bloodsti] 6 "QORY , were
employed to solve the original blood droplet diameter and impact ve|a6ity{17]. Many works
have been done to improve the correlatié¥d hY ) for the maximum spread factavhich will
be reviewed in detail in Chapter B was shown that a universal scaling based onPtue
approximation, which is reladeto 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
surfaceq[18], [19]. For nonperpendicular impacts, the almequations could be modified by
incorporating the angl e of | mp20[[R2]. Fotincinedas pr e
impacts, the resulting bloodstains usually appeared in an elliptical shape with a stairwidth (
and a stain length0(). The angle of impact(] ) was usually estimated by the trigonometric
correlationO BT 70, which worked satisfactorily in practi¢21].

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

sophstication. Textile surfaces are commonly encountered at the crime scene, such as all kinds of



fabrics. Theséabrics can bsoft, porous, roughkandtheyusually have complex surface structures.
The mechanism causing the bloodstains on tesditiace is far more complicated, as it can involve
droplet wettingjmpact,and wicking simultaneouslylherefore, te theories for simple surfaces
generally failed for the case of fabrics. For example, the trigopnometric corrdlatibe above
became inecurate in predicting the angle of impact from the bloodstains on fabrics, especially for
acute impact anglg23]. No clear correlations could be found between the bloodst&mst:the
impact velocitie§24].

The gap of the BPA research for textiles lies in the lack of -aeph 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 tlsabdk the utilization of the highpeed 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[20]i%29]. However, droplet
impacting on textiles has received little attentiorof2020. Only a limited amount of studies
focuses on droplet impacting dynamics on textiles, mostly on nylon and metallic f383h[s:]
instead of the real fabrid85], [36]. Improvements are also needed for a more accoratieling
of key impact parameters for simple liquids and surfaces, like the maximum spreadlf@tor
[19], [37], before these basic models can be extended to complex liquid drops and surfaces.
Similarly, the current researdB8]i [40] in wicking dynamics isnot sufficientto explain the

accompanying droplet wicking process after its impacting onto the fabrics. Most of the works are



focusedon the wicking behavior with a large liquid reservoir, with only one recent {2&jkin
2017 discussing the real blood droplétking 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 wighkargids
on different fabrics. To accomplish the goal in this proposal, the follogpegificstudieswill be
conductedsystematically:

Theoretical Study To understand and improve the state of the art in theoretical modeling
of dropletimpact and spreang process on notextile surfaces

Parametric Studyi To investigate the blood droplet impact and wicking dynamics on
fabrics with a focus on the effectsdrbpletimpact velocity dropletimpact anglefabrictype, and
fabric orientation.

Extreme Expemental Conditions To gudy theimpactand wicking dynamics ahicro-
sizedblood droplets

Applicationi To gply the conclusions from thiindamentalstudy of blood droplet
impacting and wicking dynamics &mlvise thébloodstain pattern analysis on textiles.
1.3 Outline

Chapter 2 focuses atfne theoretical modelingf maximum spread factof () for an
impacting water droplet onorttextile, solid surfices with different wettabilitieg.he examined
Weber numberWe falls betweerp 1 andp 1. A new energetic model adopting a fiamella
shapeis theoretically derivedComprehensive evaluations of the modetl comparisons with
previous modelsaare condated Moreover, the proposed modes applied to predict energy

conversion/dissipation during droplet spreading process and the effects of surface wettability on



I . The weakness of the current model for predidtingat extremely low Weber numbeb Q
p) is also explained.

Chapter Presernd a detailed study of the retraction dynamics for water droplets impacting
ontonontextile surfaces ranging from hydrophilic to superhydrophdbistinctretraction modes
are classifiedor the dropet retraction proces3 he morphologies of retracting dropletdifferent
modes and the characteristics of different retraction madescompared in detailThe
dependencies of the retraction rate on impactvelocities and surface wettabilities are
investigated both experimentally and theoreticafiynally, the similarity behaviorsduring the
droplet retractiomprocessn solid surfaceare also studied

Chapter4 reportsa series of parametristudes of blood droplet impacand wicking
dynamics orfabrics withfocuseon the influence of droplet impact velocity, types of fabrics, and
droplet impact angleThree sets of experiments of blood drop impacts on fabrics are conducted
separately and systenctlly. 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 bloodst&rguantified. Tieblood
dropwicking dynamicson fabricsareanalyzed and compared with classical wicking theohres.
the endpased on the obtained fundamental knowledgmardingblood drop impact and wicking
on fabrics, Bw bloodstain analysis methods are proposed faapbcation of bloodstain pattern
analysis (BPA) on fabrics

Chapter5 shows the efforts ireating micro blood droplets amal investigating micro
blood drop impact dynamics on a variety of fiertile surfaces with different wettabilitieShe
system fo generating single micro blood droplet is introduceith plenty of details. The

formation of micro blood droplet is compared with that of micro water droplet. The impact



dynamics of micro blood droplet are also compared with that of micro water dropdéferent
surfaces. Impact dynamics of millimetgzed 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 arecdissed.

Chapter 6 summarizes the important conclusions of all the studies désougsevious
chapters. Moreover, some future work and possible research opportunities are discdssplit

impact dynamics, droplet wicking dynamics, and ditain pattern analysis.



CHAPTER 2: IMPACT OF WATER DROPLETS ON NON -TEXTILE SURFACES :

MAXIMUM SPREAD FACTOR

The work presented in this chapteasbeen published ihANGMUIR[41].

2.1 Introduction

Knowing the maximum sprea®( ) of an impacting drop (with an initial diameter) is
important in characterizing the underlying droplet impact dynamics on solid surfaces, as discussed
in several comprehensive revie{29], [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 bloodstainsdrmed by blood spattering or dripping in forensic science, etc. Predicting the
dimensionless maximum spread factbr ( 'O 7O ) can be quite difficult as it requires a
combination of the knowledge about the conversion among the surface e@erggdential
energy ©), kinetic energy’© ) and corresponding dissipation mechanisms (). Moreover,
other factors can be involved when analyZingfor droplets impacting onto sphericgd?2],
structured43], [44], and porou$45] surfaces or for droplets experiencing a magnetic fiebdl.
In order to tackle thigroblem, different approaches have been developed including energy
balance, momentum balance and scaling analysis.

In the momentum balance methpt7]i [50], the equation of motion of the rim/blob
surrounding the centr&mella is first derived. can then be obtained through the displacement
of the moving rim/blob. The scaling methfd], [19], [37]is more empirical but very effective
in predictingf . The key point in this method is to seek appropriate scaling relationships

regarding energy terms with respect to the liquid and surface properties. Moreover, itige scal



method is useful for obtaining a universal scaling offor both the viscous and capillary regimes
[18], [19].

Different from the scaling method, the energy balance method seeks a rooratexc
depiction of energyconversion and dissipation terms. Early works based on the energy
consideration include Ref51] and[52]. Table2.1 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 cations 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 speel[37], the kinetic energy is only less than 5% of the total energy as simulated
by Leeet al.[54]. Here in the table, we did not include the correction in the gravitational energy

term because of the relatively limited amount of waomnkit.

Table 2.1. Selection otheoretical models for predicting the maximum spread factor based on

different corrections to the viscous dissipation and surface energy terms.
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AL denotes linear velocity gradient
AS denotes stagnation point flow

2.1.1 Improvement in thHeescription ofViscousDissipation
For theviscous dissipation, it can be approximated as the folloy&sj
W L %0Q1 Q& 2.1
wherelz is the averaged viscous dissipation functmgims the dissipated volume where

viscous dissipation occurs, and denotes the elapsed #mtaken for a droplet to reach its
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maximum spread. As suggested by Pasandidetiet al.[14], 5 is further approximated using

the characteristic velocityY) and characteristic length () as follows:

B — . (2.2
In most of the research as summarized in Tallgthe droplet initial velocityY ) is taken
as"Y for its simplicity. The characteristic length was simply considered as thestihgight O )
at the maximum spread in an early publicafla®) to calculatd3 andm(m “'O "O Tt). Later
in 1996, a model of an axisymmetric stagnation point flow was proposed to represent the liquid
motion in the droplefl4].
The resultant boundary layer thicknés3 &s below was suggested to repl&eas the

characteristic length in the calculation®fz  * "YZ Yandm m “Of Tt :
T G= (23)

Furthermore, it was pointed out by Mabal [56] and Parlet al [57] that for some high
viscosity liquids, where  "O , viscous dissipation can occur within the whole droplet volume.
Therefore, the dissipated wohe should stick ta) “'O "O 7r.

The critical timed is another important parameter in characterizing. From the very
beginning,®6 'O I'Y was substituted into Eq2.0) [55]. Later by PasandideRardet al. [14],
0 YO To'Y was derived by examining the temporal change @f. A doubt on the above
description o was first raised by Leet al.[61]. Comparisons with experimental data showed
significant deviations for water, ethanaind glycerol. As a resul® 'O ¥Y was suggested
instead. Two more recent publicatiof@?], [63] adopted a similar critical time scale @s
O 7¢7Y. However, the calculateil still deviated a lot from the experimental data as shown by

Huang and Chef63]. The last correction to the viscous dissipation reviewed here is the inclusion
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of the spontaneous spreading process. It was proposed bgtR&if67] 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 coefficierit to calculate te spontaneous dissipatiom (). It

was found that neglecting would lead to larggr . Moreover, Huang and Ch¢é3] further

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

Ai nterface relaxationodo process.

2.1.2 Review of the Treatment of the Surface Energy

Unlike the vscous dissipation, corrections to the surface energy terjrhave received
less attention so far. However, it has been pointed out that both the surface energy and the viscous
dissipation are important in predictihng [54]. We here attempt to review the depictionQof
from available literature and organize them according tselextion of the contact angle}@and
the model of droplet shapes.

The Asurface energyo should consist of bottlt
energy. This will introduce the contactangi¢ ( t hr ou g h Y ¢6d]nTgeicentaetanglet i o n
derived in this way is uniquely related to the surface tension and shthddently be the
t heoretical Y ouh[Hoh[58] horacicaa-e tvas asnaljyl approximated by the
equilibrium contact angle-f). It was measured at the end of each experiment after the droplet was
atrest. Foranidealsurface;si s uni que. However, for Areal 0 su
(—) can be different from the receding contact angt¢. (A stable—is much harder to obtain.

— was first suggested to replaee [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 surfacg65]. Another sort o—used in some work$4], [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 crifi8teldowever, it
is shown in Refd54], [61] that— generally keeps the same at different impact velocities,
meaning that it mainly depends on the nature of the fluid and solid surface. Moreovas, it

claimed by Huang and Ch@] that such a— can account for the dissipat work at the contact
line, which was ignored by almost all the existing models. Details of-hrovean account for the

extra dissipation mechanism were not presented though. Other selectiermapfalso include
the plateau contact andi6]. The importance of selecting an appropriaia the model can also
been seen from the work byaWlillo et al. [66] for the prediction of the maximum spread.

The droplet shape is another portant factor affecting the calculation 6f at the
maximum spread. From Tabl21, it is shown that most models use the cylindrical disk
assumption. The total surface ener@y;( ) at the maximum spread can be written as follows:

Oy Or  ©Op , 2.4

whereOp denotes the interfacial energy of the liquapor interface an®y, is for the
covered solid area by the liquid droplet. For the cylindrical disk m@lel, consists of the energy
of the upper circular disk and the surrounding area of the cylinder. For the early publidat]jons
[55] in Table2.1 marked withasterisk, the surrounding area was even neglected. This is wrong for
low- and mediumWeber number @ 'Q 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 Parét al [57] and Liet al [59], especially for loww ‘Qimpact conditions.
However, it is no sufficient to describe the actual droplet shape at medamhigherw Q
conditions, where a rimmedisk shape (surrounding rim + central lamella/film) domin§é&$.
Gao and LIi[60] constructed a ringlke shape to approximate the actual droplet shape at the

maximum spread. In such a droplet structure, the surrounding rim was assumed taipeusami
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and the volume of the central liquid film was neglected. Moreover, one recent publication by
Yonemoto and Kunudi62] 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 amat 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 widé range
Weber numbers (i.ew Q p 7 p ). 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
energetianodel for predictingg of an impacting droplet. This new model will be validated by
the experimental results on six wplepared, smooth surfaces with different wettabilities and
certain contact angle hysteresss§d — —). A more reasonable, ugihg 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
2.2.1Visualization Method and Fluid Properties

Experimental stup consists of a higspeed imaging system for capturing drop impact
process and a lowpeed/higkresolution imaging system for measuring contact angles. The high
speed visualization part is similar to what was used by Wang and [68hgThe imaging
resolution is around 22 &I Qof@XowQ p maAndT § G QufXrdw Q p 1 due to
equipment limitation: for higlo ‘Qwith largefl  , the object is less magnified in order to capture

the full droplet profile, thus resulting in a lower resolution. Different from the [&&i, 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”  ww@Th , viscosity of* (8o p 1 O &, and surface tension qf

X @0 R ko & The generated droplet has a diameteg@®f TG & and impacts onto target
surfaces from 10 different heights varying betweénd andp ¢ mm. Therefore, the impact
velocity can change from8t @x i to aroundt & & 7i . In the contact angle measurement system,

the highspeed camera and the macnoslare replaced with a Canon 70D DSLR camera and an
Infinity® long-distance microscope, respectively. A final resolution of 4 "Qusréached

for measuring contact angles. The advancig é&nd receding-) contact angles are measured
using the sessile drop methf@#]. The contact angle measurement setup is sketoheig.i2.1.

A certain volumex( @&"‘ § of DI water is predeposited on the tested surface. A syringe needle of
gauge 30 is immersed in the droplet very close to the surface top. A commgmitedled puskpull

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

& OFa "Qé&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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2.2.2Characterization of the Substrates

The surfaces used in the experinseite microscope glass slide, acrylic sheet, silicon
wafer, Teflon sheet, angbolydimethylsiloxane (PDMS) substratesPrior 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 spoating the Dow Corning Sylgard 184 Silicone
Elastomer mixture with two dérent base/curing agent ratios: 10:1 and 40:1 on silicon wafers and
curing at 1268 in a vacuum ovef69], [70]. The resulting thickness of the PDMS substrates were
measured as p T'Ttd. The roughness of theix surfaces (Glass, Acrylic, &bn, Teflon,
PDMS101, PDMS401) were measured using a stylus profilometer (Mitutos3d(pj The
wettability of these surfaces waharacterized by the sessile drop technique described above in
terms of— and—. The ontact angle measurement was conducted for both sides of the sessile
drop and repeated three times for each substtatesurfaces such as Glass, Acrylic, Silicon,
Teflon, and PDMS101yith the least interference of the inertial effect, liquid generalyandes
(increasing ) with a stable— and recedes (decreasiny with a constant—, which is smaller
than—. A Stlii ko p h[Elhwasobservead for PDMS 4@&LUrface (sedppendix A.J.
During the receding process)ce the contact angle is smaller than a certain value, thepihase
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 asgkhat are commonly used in the
modeling of  of an impacting droplet. The first one is the equilibrium Young contact argle (

which is calculated as follows for a real surface with contact angle hyst@@sis

— AT O (2.5)

where
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3

(2.6)

This correlation is truéor smooth surfacessed in the current studyhe second is the

averaged dynamic contact angle at the maximum spdead-F is an averaged value from

differentw ‘Qand does not vary much with'Q(see Appendix A&). It should be noted that the

measurement 6~ are conducted using the higheed imaging setup. Only the datadoQup

to 60 have been used in the contact angle calculatiorw Ebr ¢ 1rthe resolution is relatively

low as 41.92 4 "Qaatdhe trailing rim of the impacting droplet is quite thin, which makes it

difficult to get accurate measurement of the contact angles. Fimalle 22 summarizes all the

available contact angles for tisex substrates which will be used in the energatmdels.The

roughness measurement of the six surfaces is also included in Table 2.

Table 2.2. Summary of different contact angles (static, cuséaiic, dynamic) and measurement

of roughness for the six substrates.

Roughness Static Quaststatic Dynamic
Substrates
Y@ — — — -+
Glass 0.0037 ot J T@QJgJ ¢pJdgd veJdold
Acrylic 0.0061 omJd XxXpJoJd T wdpJ X nJoJ
Silicon 0.0042 PgJ w¢JgJ XT1TJgJ wpJdgJ
Teflon 0.35 wuJ prx & J gouJdgJd pnmybJ
PDMS101 0.029 prmmd ppYXJ vYdgJd ppuvId
PDMS401 0.44 Y J poyPxJ| ¢t1dcd| pcuydbd
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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. Figur2.2 demonstrates an overview of the whole gogtact droplet developing
process. The evolution of droplet morphology, oscillation mode, enadydiasipation 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© ;) and surfae energyQy, ):

~.

Oor O -"%Y¥ -0 “O0O, —0"Y “o0,. (2.7)
? ? ? ?Timeline)
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Figure 2.2. Overview of the whole posimpact 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

practie to assign a zero kinetic energy tei@( 17 as suggested in the introduction. During
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the process from state O to state 1, three kinds of dissipation mechanisms exist: viscous dissipation
(w ) within the boundary layer, spontaneous dissipatian § associated with
r el a x[83 and oontact line dissipationo( ) due to moving TPCU43], [44], [73]i [77].
Based on the energy balance, the following equation is obtained:

Or Op W o Op. 2.8)

Viscous dissipatiorViscous dissipation is estimated from E@G.1j and 2.2). In the

proposed model, we adhere to the stagnation point flow nibdlelThe choices of the regarding
terms are as followsy 1,7Y Y,m “Of7t,andd O I¢"Y. It finally yields the

following estimated viscous dissipati{68]:

o —— (2.9)

SpontaneoudlissipationAs is suggested by Huang and CHé3], the spontaneous

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

o | == (2.10)

where'Y is the critical velocity ant¥Q 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 themaximum spread. pfor™Y "Y,while| “YTY forY Y.

Contact line dissipatiohe equilibrium contact angle of an droplet on an ideal surface

(smooth, homogeneous, and rigid)[6dban be obt ai
” " . WE+. (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

19



contact linedissipation can exist as discussed in R&8, [44], [73]i [77]. As are suggested by
Refs[78], [79], the difference between the quasatic contact angles— for advancing process
and— for receding process) and the Young contact arglecan be quantified by a friction force
acting on the TPCL as illustrated in F&3.

TPCL during receding TPCL at equilibrium TPCL during advancing
- <= - =

—}\ o ,_rT\ ,,f*f\

< —rR,

Q

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

and advancing phases.

When TPCL advances with a high advancing contact angle, it experiences a friction force
"Qthat can be calculated as below:

o, ., , AT-©6 , Ail-6 AT-O. (2.12)

When TPCL recedes with a lower receding contact angle, the friction"(dcbanges its
direction to prevent TPCL from moving. Force balance analysis gives the following expression for
"0

o, . , AT© |, Al-6 Ai9D. (2.13

From the aboveanalysis the friction dissipation at TPCL during procesd @an be

calculated as followgt3], [44], [73]i [76]:

® , A0 Ab—_ "¢ i Qi-,0 Ai-0 Ai-0. 0.14)

Surface energyim-lamella modelA unifying rim-lamellamodel with a variable lamella

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

with different wettabilitiess proposed to represent the droplet shape at its maximum spread. The
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structure of the droplet shape is sketched in Efgywith a cartesian coordinates system centered
at the base of the droplet on the surfadee droplet athe maximum spreaenoted a®© )
consists of a surrounding rim and a central laméllaimilar structure has been proposed and
utilized in some publicatiorte study the rim dynamiand energy balance during drop spregdin
[47]1[50], [67]. Here, we would like tancorporate the effects of surface wettability on the
maximum spread factdr () into the rimlamella model by applying the dynamic contact angle at
the maximum spread— ) to the surrounding rim as shown in Fi@.4. Moreover, the
dimensionless numbdrdenotes the ratio of the thickness of the central lamella to the surrounding
rim. In the proposed model, the cresection of the surrounding rim adopts the shape of a spherical
cap with a radius df . The height of the rim is denoted"@ and the wdth of the central lamella

can be represented @¥ . Based on the droplet structure, two geometric relations between the rim

and the lamellaan be obtained as follows
i _ (2.159
and

Y -0 00—, 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.4 can becalculated by adding the volume of the

surrounding rim and the central lamella:

W R 4 i O 1 0E+ Qw “YO *“Y I'O.(216)

By applying the volume of conservation to the impacting droplet (“ O 7@), the

following auxiliary equation can be obtained through the substitution oRBAd®)(and 2.16):

N -, — - (2.17)

In Eq. @.17),f O TO is the maximum spread factor, and "OXO is the
corresponding dimensionless rim thickness at the maximum spread.
Combining Eq. 2.12), the surface energy of the saliquid-vapor system can be written
as follows:
o Y, Yo, , , Y YAI-O. (2.18)
At the maximum spread, the area of the liguigbor interface shoulshclude the aga of

both the surrounding rim and the central lamella

Y o . ¢y i W 1 wéE+ Qw ¢“YO P

Is “Y. (2.19)
The solidliquid interface is coved by the bottom of the droplet. Therefore, its area can

be simply calculated as:

Y -0 . (2.20)
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By substituting Eqg.Z.15), (2.19) and @.20) into (2.18), the surface energy at the drop

maximum spread can be written as follows:

O -0,p Gét “,—— OEL —i "0 p Oét

(2.22)

Cp wéE+ ¢0O— O P s

Substiuting Eq. €.7), (2.9), (2.10), (2.14) and @.21) into (2.8) and normalizing the

equation withO yield the dimensionless form of the energy balance equation:

®Q pg - = | =1 op WEHT p—— OE}

—i Q¢ p wé+ Cp Wé+ ¢, — o s
(2.22
Equations 2.17) and @.22) are the two governing equations for the new mddshould
be noted thatt is also an unknowat the current stage and it candpete different at different
impact conditions. One can imagine that at a relatively low Weber number, the [Hno&itess
can be comparable to the rim height (laigeHowever, at high Weber number, a very thin lhane
will occur, which gives a small value bf Thereforell is then assumed to be correlated with the
impact Weber number as follows:
I "QwQ. (2.23
With the knowledge of as derived in thaext, the spread factor and the dimensionless
rim height can be obtained by solving these-hio@ar equations simultaneously.
24 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 includedBrief discussions will be given on the weakness of this new model.
Finally, the proposed model will alsbe extended to study the energy conversion/dissipation
during drop impact and the effects of the wettab{lty) on the maximum spread factor.

2.4.1 Scaling of the Lamella/Rim Thickness Rétio

#
o | af
m 8| AN A -
7m o8| AU el #
—_—— e | =~ a
T #
Actual droplet shape Simplified model

Figure 2.5. Actual dropletshape at maximum spread and its corresponding simplified model at

representative Weber numbers.

To verify the above proposed relationship betweandw Q we have to first examine the
droplet shape from experimental observations. Figusesummarize 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 Wildetran[80] from simulations
when studying drop impact on+stip and freeslip surfacesAt an extremely small Weber number
(wQ 1), the droplet basically remaintsispherical shape. WhemQgoes a little higher to
w'Q pd, flat surface occurs around the top of the droplet, indicating a surrounding rim is formed.

In this casel should be larger than 1, corresponding to the existence of the spherical top above
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the rim. When the Weber number increase® @ v&, 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 s theightl{  p). When

the Weber number goes even highewt® p &, 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 surfacat( I p). However,at a very high Weber numbeQ 1 ¢ &), the

central lamella can be very thin compared to the surrounding rim. Subsequently, a hollow ring
like shape can be a good approximatibn (T1).

It is seen that the droplet shape at the maximum spread canmprégented solely by a
spherical cap, a cylindeor a hollow ringlike shape for the whole range of Weber numbers. The
proposed variable lamella/rim model can depict those different deformation modes with a variable
I as shown in Fig2.5. The parametdt should physically satisfy the inequalitly: 1. Two
special cases dif pandll Ttcorrespond to the cylindrical shape and hollowlikg shape,
respectively. The lamella thicknes® is not available via current visualization setup.
Experimental reasurement of the lamella thickness could be fulfilled by certain 3D measurement
techniquesi,e., Digital Inline Holography (DIH), which should be conducted for further validation
of the current model in the future. Some numerical wtg§ [81] were conducted previously to
study the flow in the lamellaBut the investigation 6 was only presented for some selected
Weber numbers. The lamella thickness was experimentally measured by Lagudlef8?2], but
the comparison with the rim height was not presented. In the current evdykthe maximum
spread factgr and the rim height at maximum spré@dare experimentally availabl&.he
experimental values dif based on the proposed drepstructurecan be then calculated from Eq.

(2.17). For the current studyl, is assumed to be only a function of the single variabeas
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aforementionedTherefore, a regression analysis is conducted to find aempirical correlation

for II with respect taw Qin the following form:

~

I 6mQ o . 2.24)
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Figure 2. 6. Variation of the lamella/rim thickness ratiowith different Weber numbers. The

dashed line demonstrates the best fitting to correlate the experimental datasguthr® = 0.85.

The equation above can inherently satisfy the tredldasf summarized in Fi@.5. Figure
2.6 plots the variation othe calculatedl with the Weber number for thex surfaces. At large
w 'Qitis shown thal does approach an asymptotic value around Eemn 'Q v 1ithe variation
of Il for all the six surfaces generally collapses to a single chifferences do exi for different
surfaces, especially at low and mediunf2 At extremely low Weber numbery(Q 1), an
abrupt decrease #fwas noticed in our calculation. For hydrophobic surfaces, such as Teflon,
PDMS101 and PDMS401, becomes even smaller than@ewhich contradicts the physical limit
of Il 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 heighbf 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
w ‘Qcases on hydrophobic surfaces. This can also be shown from the evabfidtierproposed
model in the next. For the regression analysis in current study, we eliminate the data points for
extremely loww Qcases®'Q 1) and only demonstrate the calculated value fof w Q
@ in Fig. 2.6.The dashed linen Fig. 2.6denotes the empirical correlation that can best fit the
averaged experimenthlof thesix surfaces. The optimal values@fandd turn out to bel.07and
0.17, respectively. The resultant®juared value is 85 for the data from all thaigfaces
2.4.2 Evaluation of the New Model

Up to this point, all the governing equations required for solvindpave been derived.
The solution of can be obtained through solving ER1({), (2.22), and 2.24) simultaneously.
Efforts in this parwill first focus on the evaluation of the new model for the investigat&2l
Variation of the portion of different energy and dissipation terms will be demonstrated. Effects of
the advancing contact angle-f ont  will be analyzed in the end.

Nine selected models from Tak®el are first compared with the current experimental data
(seeAppendix A.3. The model by Lkt al.[59] is not included here because the coefficients of
0 andO are still unknown, which are reqad to solvé . From the experimental results, two
features can be observed. First, it is shownfthais the biggest for droplet impacting on tBiss
surface(with the smallest—), while the smallest on the PDMS401 surféeéh the largest—).
The relation off T 5 T g T h T 5 T g is
always true whem 'Q p T, vhich indicates wettability dominates in this regifBecond, when
w'Q p mift for thesix 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 candut pine two features very
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well due to inappropriate selection of contact affefigi [57] or calculation of spontaneous viscous
dissipation58] for our examined surfaces with certain CAH. Moreover, deviations shown by two
specific modelg57], [60] indicate that neither spherieahp norring-like shape can be assumed
for the full range of investigated ‘Q

Figure2.7 compares the newly proposegh-lamellamodel with the experimental data for
thesix examined surfaces. It is shown that this new model can gengedlligredict the maxnum
spread factor for a full range of Weber numbers fpom to p 1. The above two criteria can be
well satisfied. Especially fab'Q p, the predictions for all the three surfaces are more accurate

than that for Q  p as validated by the experimentatala

6
5

A Glass
V Acrylic
O Silicon 1
O Teflon
O PDMS101[7

* PDMS401[]

2

10 10°

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:

- i I (2.25)

h

wherel j andf  are the experimentally measured and theoretically predicted
maximum spread facto Ais the L2 norm{83] of the maximum spread facfor . Table2.3
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summarizes the leastuare error for the 9 previous models and the current new model. It is shown
that the current modeajives the best overafiredictionfor the whole range of Weber number
(wQ p m*x p 1) among other available modekhe leastsquare errors for all the six examined
surfaces are below 10%o further investigate the capability thfe proposednodel, the relative

error at each experimental Qcondition has also been investigated (J&gpendix A.4. It is
shown that within thdull @ Qregionp m @'Q p m, relative errors fomore hydrophilic
surfaces (Glass, Acrylic, Silicorgre smaller than 10%T his indicates that the proposed +im
lamella model can have a stable, accurate predictibn dor hydrophilic surfaces with relatively
small—. For hydrophobic surfaces (Teflon, PDMS101, PDMS401 in current study), although the
relative error can be as high as 25% wtef p, it generaly decreases to much smaller values
below 5% for high Weber numbers Q v it This also explains why PDMS101 and PDMS401
even have smaller overall Leasjuare error albeit the existence of large local errors for small

Weber numbers.

Table 2.3. Leastsquare error-() of different models for thsix surfaces.

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

Glass 5.7 258 | 28.1 |47.6| 20.5|26.3|14.7| 10.3 9.1 5.9

Acrylic 16.6 | 142 | 115 |30.3| 85 |26.8/11.8] 8.2 7.8 7.1

Silicon 226 | 12.3 6.9 |27.8| 5.7 |255| 89 10.2 135 4.3

Teflon 269 | 125 7.8 |258| 86 |243|123| 89 18.7 6.9

PDMS101| 25.0 | 10.1 57 |27.0| 13.0|30.7|145| 114 12.7 3.0

PDMS401, 14.5 8.9 27.6 |50.2| 125 |30.7|13.7| 10.2 12.3 4.4

“Numbers are in percentage.
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Weakness of the ritlamella modeBefore extending the riframella model to investigate

the energy dissipation and effects of wettability, we would like to make brief comments on the
weakness of the proposed model . wRi p&yneach fAtr ar
predictian curve in Fig2.7, which connects two curve segments. The gradients of the two curve
segments at the Atransition pointo are differ
hydrophobic surfaces (Teflon, PDMS101, PDMS401) than in the otherghrieees. Moreover,
with the existence of the gradient discontinuity, the variation oflecreases abruptly, leading to
inaccurate predictions fao Q p on Teflon, PDMS101 and PDMS401 surfaces. Physically, the
Atransition poi nt convexacertra lanmelal( @ toaarcaneave adntral
lamella { p). From the experimental data, it is shown that theagmvex central lamella shape
cannot well represent the shape of droplet at maximum spreadawfenp for hydrophobic
surfaces. The send weakness lies in the neglect of the viscoelastic eff@B [86] for
PDMS401 surface. The viscoelastic substrate is so soft that wetting ridge can be formed during
the advancing process of TP@87], which can yield extra energy dissipation mechanism.
24.3 Analysis of Energy Dissipation and Effects of Wettab#ity (

In Fig. 2.8, the proportion of the viscoudissipated energyaf ¥ O Op ), the
spontaneous dissipatiom( ¥ Oy 'Of ), the friction dissipation at the TPClw( ¥ O,
Oy, ), and the surface energ@§¢¥ O Op ) at the maximum spread are plotted as a foncti
of w Qfor thefive surfacesexcluding PDMS401 (due to the unknown viscoelastic dissipation)
based on the new model. Generallty, all the five surfaceat smallw ‘Q a significant amount of
the initial energy is transferred to the surface energfyeatnaximum spread. With the increase of
w 'Q the proportion 0D}, decreases. On the other hand, the energy dissipated by viscous effects

is tiny at smalko ‘Q However, it can increase #overy high value with the increase @fQ The
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variation tend of the proportion of viscous dissipation and surface energy are consistent with the
simulation results by Leet al.[54]. The proportion of the friction dissipati@a decreases with

the increase ab Qand generally stays below 10%. Friction dissipation at contactding (s

more dominant for PDMS101 than the other four surfacedovtw Q it is shown that the
spontaneous dissipation related to Adinterface
energy dissipation.

Glass Acrylic Silicon Teflon PDMS101

1 T T T T TTrr] T T T T TTrIr] T T 1T T 1111

Proportion of energy term (%)

10° 10! 102 103
We

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

W'QwQ p8& Y)fordropletimpacting on Glass, Acrylic, Silicon, Teflon and PDMS101

surfaces.

With this new model, the influence of contact angle on the maximum spredcbfiet

impacting ontasmooth, rigidsurfaces can be further scrutinized. As shown in Eg2), boththe
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advancing contact angle~) and the dynamic contact angle at the maximum spread @re

involved in determining the maximum spread fadtor)( In the derivation of the proposed model,
— is introduced by the contatihe dissipation, while— is involved by considering the droplet
shape at the maximum spread. In the current stddyjs used as an approximate-ef as
aforementoned. As can be seen from TaBIl2, — is almost the same as for Acrylic, Silicon,
Teflon and PDMS101 surfaces. However, for Glass and PDMS40X;an be different from—

with a difference op 1t A detailed study of such deviation shadl Garried 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 (currentlys measured from high
speed video with a resolohi of 22 &I Qo @ihkile — is measured with a resolution of

4 o Q. @onsidering the small difference, for the current investigation of the effect of
wettability onf  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 diffedence between— and—

does not result in obvious deviation in the predictioh ofseeAppendix A.5. Therefore, the
variation off  with — is plotted in Fig.2.9 for 6 differentw ‘Qconditions varying betweegm 1t
andp Tt It is shownthat at the same@ ‘Qf  generally decreases with the increase-ofThis
makes sense as a high means more hydrophobic, which tends to prevent the droplet from
spreading. Moreover, from Fi@.9, the influence of— onf is shown to be wéar asw Q
increases. At high ‘Q the inertial effect dominates over the wettability in determihing This
finding is also consistent with the observation of data collapse ir2Fidpr all thesix different
surfaces.The effect of the advancingitact angle-) on the spreading process has also been
recently elaborated by Jiaegal.in the study of spreading force during spontaneous spreading of
a droplef76].
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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 numbei@:
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2.5 Conclusion

In the present work, we conducted both experimental and theoretical investigations of the
maximum gread factorf( ) of an impacting drop onto solid surfaces wdifferent wettabilities
and certaircontact angle hysteresis (CAH). The experiment was done with deionized waber on
surfaces Glass, Acrylic, Silicon, Teflon, PDMS101, PDMS401) with diérent— . The
experimental impact Weber numbere) Q) falled betweenp m andp 1. The quasstatic
advancing ) and receding-) contact angles were measured with the sessile drop technique.
The dynamic contact angle at maximum spread () was measured through the higheed
videos.

A detailed derivation of them (with variable— )-lamella (with variabldl) modelwas

provided in this work. Compared to previous models, the new one features two major
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modificationsin approximating acal droplet shape at maximum sprekdst, the influence of

the dynamic contact angle at maximum spread ) is incorporated in the mod&b account for

the curvature of the rim, which is determined by the surface wettafihy.other modification
focuses on the depict of thentral lamellat its maximum spread. It is shown that different droplet
deformation modes exist at differentQ This indicates that none of the cylinder, spherizad,

or hollow ringlike shape can depict the droplet shégpr a wide range ab Qi.e,p m ®Q

p Tt In the new model, a variable lamella/rim thickness tai® suggested, whelkeis found to

well scale adx 6 &Q (6 ). Such a scaling relation enables us to describe the droplet
shape for althesix surfaces at differenb Qin 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 okervations: (1} T & T g T h T h
[ istrue formQ p mm@and (2 of thesix surfaces collapses when'Q p m.7The
L2-error analysis demonstratdse improvement fothis new model in predicting for a wide
range ofw ‘Q The L2error of thepredictions by the new model are smaller than 8% for aBithe
examined surfaces. Further investigation of the variation of the local relative error indicates that
the newmodel is most accurate fdroplet impact wittw'Q p 1* p 1on hydrophilic surfaces
and for droplet impact with'Q p 1 p Ton hydrophobic surfaces.

Based on the new model, the energy transfer and dissipation were studied for drop impact
process till is maximum spread. The variation trend of the portion of viscous dissipation and
surface energy are generally consistent with the simulation results @t Be¢54]. It is shown
that the surface energy occupgdargeportion especiallywhenw'Q p 1 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 spre&dr low Weber numbers, interface relaxation (spontaneous
dissipation) is found to account for the major energy dissipatidowever, br a high Weber
numberw’Q p 1, 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 agmore. Finally, the proposed modeglused to study the effect-ef on the maximum
spread factdr . Generally, it is found that a higher leads to a small¢r as the surface gets
more hydrophobic. The influence -ef weakens ae ‘Qbecomes higher, when the inertia starts to
dominate in determininig .

In the end, we would like to point otltat air study suggests that there exists anomaly in
the new model when predicting for extremely smalto ‘Q(especially for droplet impacting onto
hydrophobic sufaces). Currently, we hypothesize that this anomaly is from the approximation of
the droplet shape. The current fiamella model cannot approximate the shape of a spherical cap
very well. Further theoretical efforts should be devoted to better incorpgrétie shape of a
spherical cap into current model. Moreovenittier experimentainvestigations of the real 3D

droplet structure at the maximum spread are highly desired to improve the current model.
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CHAPTER 3: IMPACT OF WATER DROPLETS ON NON-TEXTILE SURFACES:

RETRACTION DYNAMICS

The work presented in this chapter has been publishetiWVSICAL REVIEW FLUIDEBS].

3.1 Introduction

Retraction of impacting droplets upon partially wettable surfasassually observed
following the impacinduced spreading process. For hydrophobic/superhydrophobic substrates,
part of or even the whole impacting droplet can rebound off the suBtods have been devoted
over the last twenty years to either enhagd89]i [98] or inhibiting [99]i [107] the retraction
process, depending on the applications. For applications such as inkjet printing, pesticide
demsition on crop$105], [108] thermal/electrespraycoating[109], [110] and spray cooling,
an efficient deposition of droplets anahiger contact timen the solid surfaces are desired. On the
contrary, for the fabrication of substrates with the ability of-slelining[111] and antiicing
[112], a strong retraction process ankduced contact time should be achieved.

Motivated by controlling the retractigrocess, the potential influencing factors on droplet
retraction have been extensively studied. Dilute particles ladem agueous phase, such as
nanoparticleg102], polymers[99], [102] and surfactant$101], [107] have been shown to
significantly alterthedroplet retractiorprocessand thus suppressaplet rebound. However, the
mechanism of how these polymer particles affect the retraction process is still inf@@h{1d 3].

Other important factors include the surface temperdité]i [116], surface micro and macro
structure [91], [94], [98], [117] surface mation [106], [118] surface
elasticity/viscoelasticity/flexibility [95], [103], [119], [120] ambient pressurg92], and

asymmetry of the impacting dropléi04], [121], [122]
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All the investgations abovenosty focusedon two important parameters that characterize
the droplet retraction procesdlamely, the contact time and the retraction speed
A Ow'YO , or retraction rate @ TY .Y 0 is the temporal evolution athe droplet
spreading radius and denotes the maximum spread radius achieved at the end of spreading
processThe ontact time of a bouncing drop on a superhydrophobic surface is first investigated
by Richardet al. [123] with a conclusion that the contact time does aepend on the impact
velocities within the investigated rang&( ¢& & 7i). Later, itwas further shown by Okumura
et al.[124] that the contact time significantly increasea law impact velocity ( T & 7i). The
plateau contact time atlarge impact velocitys found tobewell scalelas< "'Y ¥, 7, which
isthe same as the period of free drop vibration derived by RaylE2§h More recently, Antonini
et al.[126] identifiedan intermediate @se between the moment when theaotmg droplet stops
spreading and when it starts to recoil, which is characterized by the time elatisetiatimum

spreadingg0 . It is found that-o is in the order offew millisecond. Moreover 30 is found

to decrease with increasing Welneimber(w Q ”'O w 7, ) and decreasing surface wettability.

The pioneering research in the retraction rate is conducted by Betrtl{iL27]. Aqueous
droplets with different viscositiesere used for droplet impacting experimgah a hydrophobic
surface with relatively high impact velocitids was first showrnthat the normalized retraction
curves YO XY U i0)collapse into a single curve and the corresponding retraction rate does
not depend on the impact velocity. Moreover, they demondteatdynamic transition from an

inertia receding regime to a viscous receding regime with an increasing Ohnesorge olber (
‘T 7 JO). A semiquantitative model for the retraction ratas derived from the classical

theories for thin film dewettinfL28], [129] This modelas later validated by Eggees al.[48]

when theoretically studying the motion of the surrounding rim and the central lahistheory
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was furthermodified by Zhuet d. [130] when numerically investigating the droplet retraction on

a solid sphere, and Damak and Varafte31] when studying the retraction dynamics for diaop

drop impacts on nonwetting surfacéfowever a recent experimental work by Bobingkial.

[132] showed that the droplet retraction rate does depend on the impact velocity. They also
demonstratéthatfor asmaller droplet diameter the dependency of the retraction rate on the impact
velocity is stronger.

The brief reviewshows the importance aroplet réractionsin 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 madteling
maximum spread factor, which is an innamt parameter characterizitige 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 byeBaitgl@7]
was limited to one substrate with a specific static nagedontact angle—;,  ( v83lthough
there hae been some succeeding weid10], [114], [126], [133]discussingthe 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 foundthat the retraction curves oaflon substrate{; | v) 3hown
in Fig. 3.1 cannot simply collapse into a universal shape as suggested by Baeb[@27]. The
intermediate phase, noted by Antorenal.[126], has not received equal attention when studying
the droplet retraction dynacs. To addresshese concerns, we have conducted droplet impacting
experimers on a series of surfaces from hydrophilic to superhydrophobicdwifinanging from
as low as 0.1 to the order of 1000, in order to systematically investigate the droplet retraction

dynamics. The parametealueof the current study falls within the inergapillary (IC) regime
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[127] as shown infable3.1 Particularly, the droplet retracting morphologies, distinct retmnactio
modes and corresponding retraction rate, and the scaling of retraction curves are discussed.
Hopefully, this systematic analysis coyddovide fundamental knowledge for future study of

retraction dynamics with more complexed liquids and surfaces.

R(HIR

Figure 3.1. Temporal evolution of the spreading factat ¢ Y ) for water droplets impacting

on a Teflon surface @a'Q 1@ p M T

Table 3.1. Wettabilities, roughness, and impact conditions for the six surfaces in current study

Substrates Wettability — (deg) | —(deq) Yo' a wQ 0Q
GLASS Hydrophilic T C CP C |TBIMTTBT|TE P
ACRYLIC Hydrophilic XPp O TWP | TINETET (| TE Yy

SILICON Hydrophobic w¢ ¢ XT ¢ |TBITMTTET|TE X O
0.002

TEFLON Hydrophobic PTIXC | YL ¢ U TBTY | & wp

STEFLON/| Superhydrophobicc pt ¢o¢ |[poxo| o8 p T ¢ | T& YT

SGLASS | Superhydrophobicc puv ¢ |puvop| T&8YX TP | T YC

3.2Materials and Methods
Six substrates with different wettabilities are usedhiecurrent study. Four of them are

the same as used by Waegal. [41]: microscope glass slide, acrylic sheet, silicon wafer and
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Teflon sheet. Two supeyhlrophobic surfaces are addiedthis work The first one is fabricated

by sanding Teflon with a 22@rit sandpaper, as is proposed by Nilssbal.[134]. The original,

snmooth 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 directionititakes approximately 1 minute. Then, the sanded
Teflon is cleaned with ethanol, rinsed with deionized waied,finally dried with compressed air.

The second superhydrophobic surface used here has been investigated and well
characterized in some previous wofk0], [135] It is fabricated by spraying commercial
superhydrophobic solution NeverWet onto a piece of clean Jiasstwolayer coating process
firstly sprays the base coat (without nanoparticles) onto the clean glass and then covers it with the
top coating (with hydrophobic nanoparticl€s, v & d). Totally, 3 layers of base coat and 4
layers of top coating are applied to make one superhydrophobic esuffae 2Dand 3D-
reconstructedtructures of the sanded Teflon and Neverdéetted glass andustrated inFigs.

2(a) and 2(b) respectively The wettabilities of the six surfaces, including the gstetic
advancing ) and receding—) contact angles, are characterizedabsessile drop method
using the same setup ®Wganget al.[41]. The roughness of these surfaces is measured using a
stylus profilometer (Mitutoyo S310). Both the wettabilities and roughness summarized in
Table3.1, with STEFLON standing for the sanded Teflon and SGLAB&e superhydrophobic

coated glass.

Figure 3.2. 2D and 3D images by confocal microscopy for (a) sanded Teflon and (b) NeverWet

coated glass.
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As found by Antoniniet al. [136], —; is a key wetting parameter affecting the droplet
retraction.The broad range ef (¢ ¢ p UL Jtathieved irthe current studys expected to show
a relativelycomplete picture of how wettability influenctdse 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 CassiBaxter[137]to Wenze[138] wetting statewhich are considered for rough
sufaces,can occur during droplet retraction.

The droplet retraction dynamics is recorded using a-fjged imaging system with more
details describetly Wang & Fand68]. Specially, the imaging resolution is around, 6ff) "Qw Q &
forw'Q p mandt ¢ G Qaf@ o Q p m,Tvhich enables us to capture a full impacting
droplet at 4400 frames per second. The {sgbed videos are subsequently processed via a
customized image processing cadéMATLAB. In thecurrent study, a higher frame rate (45,454
fps) is also employed at reducedesolutionfor selectedo Q Comparison between th&,454
fps data and the 44€@s data shows that the latter is capable of fully resolving the relatively slow
droplet retraction process. Deionized (DI) water drapbee generated by a syriegpump
equipped with a stainlessgeel needlef gauge 24. The properties of DI water are listed as follows:
density,” ww@Th ;viscosity, (8o p 1 O & ;andsurface tensiop, X @ ¥Q WE
® & The generated droplet has a diameter@®f 7§ & & and it impacts onto target surfaces
from 10 different heights varying between 3 and 1600 mm. As a result, the impact velocity varies

betweerm&t @ fi andt& a 1.
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3.3 Results and Discussion
3.3.1 Morphology of Retracting Profiles

Abundant phenomena during droplet retracaoeobserved from the highpeed videos,
such as singular jets, partial rebound, total rebpandreceding breakup. Since most of these
phenomena have been already reported in quite avéeis, we would liketo briefly summarize
the observed phenomena with a focus ondifoplet retraction process. All the image sequences
below start from the maximum spread of the impacting droplet andtéhd moment when the

droplet finishes its retraction on the sudac

Hydrophilic and hydrophobic surfacésgures3.3(a) and 3(b) demonstrate the droplet
retraction process at selected times for diffecei@@on ACRYLIC and TEFLON. The scale is
indicated by the red line segment. At a very V@¢ p), the thregphase ontact line (TPCL)
remains pinned on ACRYLIC, while on TEFLON a slight retraction can be detected. At a small
w'QK @), 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 similarto theatedi r i m peri odo as obseryv
Fang[68], during which only the surrounding rim can be observed from thevsdeimages.

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 psodg@ne 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.

Whenw Qgrows even higér, droplet retraction appears more obvious. Similarly, the

contact angle has to decrease to a certain threshold before the TPCL canTteticatpletfirst
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starts to retract on the surface while the contact atage not experience much changealater

stage of the retraction process, the central lamella grows higher and keeps moving upward. Like
what is observed fathe low-w Qcase, the capillary wave brought by the upward moticinef
central lamella gradually propagates toward the TPCL. Thwrdic receding contact angle
reaches its minimum when the capillary wave arrives at the TRCthould be noted here that the
retraction discussed in this study refers only to the retractitmed®PCL of the major droplet on

the surface. The tiny dropigenerated for higth ‘Qcan hinder the view of the TPCL of the major
droplet andnake the algorithm detection inaccurate. In this case, manual detsatiemployed

to find the correcTPCL position which is the same case for the following superhyidobc

@) (b)
We=0.7 We=6 We=69 We=889 We=0.8 We=6 We=33 We=69 We=258 We=912
t=9.7ms t=6.9ms t=5.2ms 1=3. 1M s - — t=5.4ms =5.0ms =4.2ms =3.7ms =3.0ms t=2.6ms
. — n - —_—iiiee
K56 ms =7.3m Nisims o AR e— e—
- _ - 0.4ms  ——— 6.5 =59 =3 =7.5ms .
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= zms- T L YT — ~— A M e - e eipe—
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Figure 3. 3. Image sequences showing droplet retraction on (a) ACRYLIC surface and (b)

TEFLON surface for selected 'Q

Superhydrophobic surfac&henomenaf drop impacbn superhydrophobic surfaces/ba

beenwell documented in Refd139], [140] Generallyspeaking as shown inFig. 3.4(a),
superhydrophobicity is maintained SGLASS for althe investigatedy ‘Q The retraction motion,

for both the main anthe satellite droplets, is so strong that all of them can totally bounce off the
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surfacein the end However, for STEFLON, impalement transitigjgl1] occur starting from
w'® p 1(see Fig3.4(b)), indicatinga wetting state charigg from the CassidBaxter type to the

Wenzel type. The apparent TPClLilenalways attached to the surface

(@) (b)
We=0.6 We=4 We=14 We=64 We=131 We=862 We=0.8 We=4 We=14 We=65 We=131 We=859
t=7.3ms t=4.4ms t=3.7ms t=3.0ms t=Lams o | eoams =45 mshms 1| =3.5ms (=14ms
e i
5—‘.?_‘)—u-q---—-h_h_a-—-—-—-—g;.gﬂ“;ﬁ“fﬁ“‘mm opms [ e —
=rm e =T ‘esams ™ k™Y Py
AIZMM m—.mm-.m“ iy -130m =Boms @ soms | i=8.0ms e
— m— woams o 4 S CiMENe g . ooom t=12.5ms
T W e e mane
‘‘‘‘‘‘‘‘ t=11.7ms . a s .
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Figure 3.4. Image sequences showing water droplet retraction on (a) SGLASS and (b)

STEFLON for selected Q

For very highw'Q( g @)con SGLASS, the impacting droplet violently splesinto
numerous tiny droplets during the spreading stage. No obvious apparent TPCL exists for the
mother droplet. Insteadmostall the droplets are observed to simultaneously rebouihthef
surface and finally, a clean surface is left behind. Likewise, on STEFLON, the mother droplet
splashes inta lot of satellitedroplets. But those tiny droplets get pinned on the surface and are
not able to rebound.

3.3.2 Discussion on Retraction blkes

It has been revealed by Bartabal.[127] that for liquids with varying viscosities, there
exist two retratton 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 timéact 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 thevisaosity liquid droplets.

Classification of three types of retraationodedn the abovediscussionregarding the

droplet retraction phenomena, the transitiotheftwo typicalretraction modesan be observed.
The key difference between thés® modess the existence of a separate surrounding rim. Figure
3.5 presentshe dynamic features tiiese twanodes byoverlapping the timsequenced images.

(b) Capillary mode

(a) Inertial mode 5

Figure 3.5. Two modes of retraction for lowiscosity droplet retracting on SILICON: (a)
inertial mode during early stage@fQ p p and (b) capillary mode during later stage of the

retraction process a’Q v v

In the early stage of the retraction process, the interteaface of the surrounding rira
well separatedand this mode is nameth inertial mode.For this mode, thalynamic receding
contact angle and the rim height of the retracting drajdes not changggnificanty duringthe
retraction process. This mode is the same as what is described as the inertial regime bgtBartolo
al. [127]. And most of the theoretical wof48], [130]on the droplet spreading aretraction with
a high impacting velocityrefers to this mode. Ira later stage of the retraction process, the rim
lamella structuremay not holdanymore. Instead, the internal interfacd the surrounding rim
collide with each other and generate upwaaimentum. Meanwhile apillary waves are released
from the top due to the collision of internal rims. The MollentactLine (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 fieig 3.5(b), which is consistent witthe previous

study [68] for MCL-type droplet oscillation on a solid surface. In this paper, we would like to
name the second type ®f Irrrttrlaetcapi Rlcapy | madg
becomes comparable to the residual indotiee The droplet interface keeps oscillating due to the
propagation of the capillary wave from the top. The capillary oscillation can induce considerable
TPCL retrations as shown ithe morphologies (Fi®.3 and Fig3.4). For thecapillary 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 ndkiagfor loww ‘Q the maximum
spreading diameter is not largaough for the rinto relaxitself to therequired receding contact
angles. Therefore, the internaterfaceof the surrounding rim can easily collapse into each other
even before the TPCL stato retract. As a result, onlyne capillary mode is available for low

w ‘Qdroplet retraction.

(a) Wave propagation (b) Spherical-cap mode
N

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

(b) A distinct retraction maslexhibited 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—;. During the capillarymode retraction, the capillary wave propagates towards

the TRCL as shown irrig. 3.6(a). Afteracertain time, the capillary wave is fully damped, and the
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droplet then adopts a sphericap shape. Moreover, the drophetsnot ceasdits retraction yet.
While maintaining its sphericalap shape, the droplet keeps retracting with a very low speed for
a longtime. In suchasphericalcap mode;—; is observed to increase with time. It should be noted
that the sphericatap mode antheinertial mode were also characterizada similar manner by
Edwardset al.[142] when studying the retraction of a thin film into a sessile droplet.

Characterization of the inertial and capitha modesin the abovediscussion we have

classified different retraction modes based on their morpholofesquestion ishow can these
distinct modes be characterized? FigBieshows a typical temporal evolution of thermalized
spreading factorY 0 7Y ) and the dynamic receding contact angig; | during the spreading

retraction process fawater droplet impacting on SILICON.
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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 decreasen the dynamic contact angle can be observed inF1gA decreasén
the dynamic contactngle during the early stage of the retraction process was also found by de
Goedeet al.[143]. The insets irFig. 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 obsdfiged in
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3.7, which features the appearance of an obvious osgillafi—; resulting from the propagation

of the capillary wavesSeveral keycharacteristicimes need to be defined before we proceed to
comparehe tworetractionmodes0 ando in Fig. 3.7 represent the end tfespreadindgime and

the start othe retractiontime, respectively. We here use the same criterion (0.99 threshold) for
the definition ofdo ando as usedby Antoniniet al.[126]. 0 ando denote the end of the inati
mode retractiortime and the capillary-mode retractiortime, respectively.Clearly, thewhole
retraction process begins with the relaxation phase, followed by the wmedi retraction and
ends with the capillarynode retraction. The periods of theeitial mode and the capillary mode
canthen be calculated 8 0 0 and’Y 0 oO.

Figure3.8demonstrates the comparison between the normalized pen@d¥( “Y and
“YIY Y ) of these two retraction modes. It clearly shatat the capillary mode occupies
most of the retraction process for lawQconditions. With a highek 'Q the inertial mode starts
to dominate the retraction procdes surfaces with low—; . However, br the surfaces with high
—, although tle inertial mode increases its proportion with increasif@ the capillary mode

alwaysdominates the retraction process.
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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 modd@#e classification of these distinct modes is important

when calculating the droplet retractionedt) and developindghe corresponding theory for its
prediction. The commonly used definitionjofomes originally from Bartoloet al. [127]:T
a waw TY . As the dynamics of the retracting dropletslifferent for different modes, it is
necessary to calculdtefor those distinct modes separately. The sphedaplmode 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:

T dow TY | (3.1)

T doow TY « . 33)

The measurement pf and] are demonstrated in Fig3.9(a) and3.9(b) with error bars.

The data is relatively repeatabléhe relatively large deviation for SGLASS believed tacome
from the manual detection of the contact line as mentioned e&deSEGLASS and STEFLON,
only the data foto'Q p 1 i included. As discussed the above, receding breakup occurs on
these two surfaces whem'Q p T.7E0r nonrsuperhydrophobic surfacdbe inertial mode does
not exist forcertainlow-w ‘Qcases. Therefore, some data points are missing irBBi@). For
GLASS withw'Q v, eventhe capillarymode retractiowvanishes
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Figure 3.9. The measurement of retraction rate for (a) inertial mode and (b) capillary mode.
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The experimental results in Figd9(a) and3.9(b) show the dependencef obn both the
surface wettability and the impact condition. A comparison of the two modes indicates two
different trends] generally increases with increasigQ while] decreases with increasing
® Q At a smallw Q 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 higth Qconditions.More specifically, for the inertial mode, continuously
increases until aroundd'Q @ tfor all the examined surfaces. WhanQ ¢ ©tf generally
remairs an asymptotic value and becomesttability-dependent only. This indicatekat the
retraction rate for higkb Qcan be regarded as a nrakconstant of the liquidurface system,
which is similar to what was observed by Barteloal. [127]. For low® ‘Qon SGLASS and
STEFLON, the increase bf fromw'Q p MowQ ¢ 1is found to be significant, which is
larger than 100%, as shown in F8g(a). A similar increasing trend tiferetraction rate waalso
noticed by Bobinsket al. [132] recently for superhydrophobic surfaces at smdfd Several
reasons are believed to be responsible for the ignorance of the increasing trend in the previous
study[127]. First, the examined Qstarted from a medium valug¢ 1 Jt at which the asymptotic
hadalmostbeerreacled. Second, the inertial mode and the capillary mode, were not differentiated
when calculating the retraction rate. From F§9(a) and3.9(b), it is shown that at lowo QT
can be higher thdn . Thaefore, the increasing trend of will be compromised when the
definition off by Bartoloet al.[127]is used.

The effects of the surface wettability are clearly shown in Bi§¢a) and3.9(b). It acts in
a reverse manner compared to the dynamic wetting effects in the spreading procssgaes
with higher—; , the droplet retraction rate is higher, which is consistent with the classical

retraction theonf127]. Moreover, it shows a stronger dependencevd@for bothf andi on

50



surfaces with higher—; . For more hydrophilic surfaces, such as GLASS and ACRYLIGptke
dependence is much weaker as shown in343.
3.3.3 Theoretical Analysis

The retracting droplet in the inertial mode presents aaeflhed rimlamella structure,
which ha been utilizedh recent work$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
conplicated due to the collapse of the rim and the propagation of capillary watles laquid-air
interface. Therefore, the modeling of the retraction ratthfrapillary mode will be left for future
investigatios. In the current study, we focus on mtg the inertiaimode retraction in order to
correctly reveal the dependencé obnw Q

Such dependence emQcannot be derived from the previnetraction theory127]. By

normalizing with @ TY , the original equation (equation 3.2 in R@27]) can be written as

— wQTx p ®E+, . (323)
In the classical thegr the static receding contact angle is usedadn (3.3), which is
considered not dependent @rQ Therefore, the classical theory indicates that fyiwansurface,
the lefthand (LH) side term inEq. (33) should remain unchanged. Figur@l0 plots the
measurement of this term at differemiQfor the six surfaces. The dependence of this term 6n
can be clearly observed, which contradicts the classical theory.
The first thing one can question HBq. (3.3) is the substitution of—; . Under real
conditions, it should be replaced with the dynamic receding contact argle \hich is related

to the instantaneous contact line retracting velodity ('Y 0 ). This reshapes Eq. (3.3) into the

following:
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Figure 3.10. Experimental data of the LH side term in E&3J at differentcw Qfor the six

surfaces.

Because theetractiorrate is also related to the contact line velogity ( A @ TY ),
a simple scaling cannot be obtained from Eq. (34g current study aims at explaining the
general variation of the retraction rate with respect to the impactingi\Webwer. Therefore, the
relatively small change of the receding contact angle (Fig. 3.7) during the inertial regime is
neglected, and an averaged dynamic receding comaté(— 0 00 6— 0 06X 0 )is
adopted for simplicity Figure 3.11(a) shows the variation of the averaged dynamic receding
contact angle during inertiahode retraction at differes ‘Q In general—;, appears to be smaller
than—; denoted by corresponding dashed lines. Moredher apparentk; slightly decreases
with the increase ab ‘Q Figures 3.11(b) and 3.11(cplot the ratio othe LH- to theRH-side term
in Eqg. (3.3) after the replacemenbf —; by —& for hydophilic’hydrophobic and
superhydrophobic surfaces, respectivélyis calculated ratis dependent o ‘Qas shown from
Figs. 3.11(b) and 3.11(c) The revealedincreasing trend indicates thather important factors
which depend upow Q other than-k; , 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 inerbdé retraction
process for different surfaces. The dashed lines indiegtéor corresponding surface; (b) The

ratio of the lefthand side to the rightand side oEq. (3.3) after thesubstitution of—; for

hydrophilic and hydrophobic surfaces; (c) The corresponding ratio for the two superhydrophobic

surfaces. (The dashed lines in (b) and (c) are from3ELP)).

Now, let us take a step baskenderiving the classical theoriesn intermediate equation
that describing theetractionof the surrounding rim read$27]:
Qo Q-+ xp e, 3.9
where, Qs the lamella thickness) is droplet retraction velocity, ai®—t; denotes a
function of theavaageddynamic receding contact angle. Equatidrb)is givenby Bartoloet al.
[127] by considering the retracting droplet as an analogy to an inddi@étting thin film[128],

[129]
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It should be noted th&ig. (3.5)canalso be derived from th@n motionequation, which
is specially developed for droplet spreading and receding on a solid §46h¢49], [144] based
on the followingassumptions(1) steady state retraction process, (2) negligible viscous forces, and
(3) negligible velocity field in the central film.

These assumptions can be reasonably justified fraredperimental 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 from3s). 4s:

J— h (3.6)

A rough estimation 0f2 was used by Bartolet al.[127], who treated the droplet shape as
a cylindrical disk. This malgQY to be a constant only relatédl the droplet initial volume.
However, from previous investigatiofl ], [80], [82], it is shown thathe impacting dropldietter
fit a rimlamella shape rather than a cylindrical disk shape, which can also be justified here from
the insets irFig. 3.7. In order to account for the influencetbedroplet shape assumption on the
prediction of , adroplet shape proposéy Wanget al.[41] is utilized which has beeapplied
to model thanaximum spread factar ( ). A sketch of the shape assumption is presented in Fig.
3.12(a). Thevolume conservation when assumingshapéan Fig. 3.12(a)for theinitial retracting

droplet gives the following:
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Figure 3.12 (a) The shape assumption of retracting droplet and the variation of (b) shape factor

Il, (c) dimensionless rim height, and (d) maximum spread factor with w 'Q

Il 'in Eq. (3.7)is calledthe shape factof41], which charadrizes theatio of the lamella
thickness to the surrounding rim heig@2XQ).T is the maximum spread factér ( 'Y 7Y)
and, isthe dimensionless rim height (  "Q%¢’Y ). Differently, theaveragedlynamic receding
contact angle-{; ) is used inEq. (3.7) instead of thelynamicadvancing contact angle¢; ).
Because ,I and—y; are experimentally available, the valued afan be then calculated from
Eq. 3.7). The variation ofl is demonstrated in Fi@.12(b) for a range ofo Qfromp Ttop T
The dashed curves in Fig.12(b) denote the scaling relationship ffowith respect tav Q It is
shown that the scaling for all the six surfaces roughly remains the sain@ a$, although the
absolute values dif for the superhydrophobic surfaces are generally smallee. variation of

measured from the experiment is demonstrated in3Fg(c). It is shown that the variation ,of
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with ¢ ‘Qcan also be estimated by a simple scaling’asoQ & . Finally, a universal scaling as

proposed in Re{l18], [19] is adopted for correlatiig as below:

I e YT 0QTTo ool | 338)

whereo0 is a constant of 7.6, the same as what was suggested ifl®ef. o is the
droplet spreading factor at zero impact velocities. The details about the deternofiatien are
included inAppendix B.1 It is shown from Fig3.12(d) that the universal scaling in E§.8) can
well correlate the experimental measuremenis ofBecause the current study only deals with
water droplets, the viscous effects on tawraction 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 &8'Q 6 wQ7” , whered is a constant of 450 for the current experiment.

Thereforethe correlation df , with respect t@v ‘Qonly, comes as follows:

T o T sToar. (39)
Up tothis point the dependence efs , Il,, ,and  on Qhave been determinegifter

taking’Q—F;;  to the left ofEq. 3.6) and normalizing by @Y as being done i&q. (3.3), the

following relationshipcan be obtained:

88 8 8 - - - o T

(3.20
The scaling irEq. (3.10)correlats well withthe experimental dat@r hydrophilic and
hydrophobic surfaceas demonstrated iRig. 3.11(b) and reasonably reveal thereasing trend

as observed in the experimeRbr the two superhydrophobic surfaces, the predictions by Eq.
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(3.10) underestimate a lot far'Q ¢ Twhich is explained later in the belowhe analysis above
indicates that the increasing trend ofnairly results from the decrease of the lamella thickness
with increasingo ‘Q The estimation of the lamella thickness during the retraction process can be
obtained through examining the classical theories for droplet spreading on solid Jd8hdes

the small capillary numberstT@t m¢ 0 @ ‘w70 18t Pin the experimenthe approximate
solutions for the droplet spreading and recedinthé cas&’ 'Q w Qcan be reasonably adopted.

The dimensionless retraction starting time can then be calculajé@l]as

7

T, (3.11)

R
where,t and- are constants determined by certain initial conditig®, [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 follg48]:

. — (3.12

By substitutingEq. (3.11)into Eg. (3.12) the dimensionless filnthickness during the

inertiakmode retraction process can be obtained as below:

E b x . 3.03

Therefore, thdollowing can be obtainedased on the spreading thedmym Roisnanet

al.[49]

X —x X R
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The scaling correlation igqg. (3.14) predicts a weakieicreasing trenthanEq. (3.10), as
compared inAppendix B.2 Moreover, it is shownthat both Eq. @.10) and Eq. (3.14)
underestimate the increase for the two superhydrophobic surfacesoidero tiThis is believed
to be caused by the air entrapment beneath the retracting droplet on the superhydrophobic surfaces.
From the experimental videos, thbrupt increase whan'Q ¢ Trorresponds to the occurrence
of the fingering instability during the retrigan on the superhydrophobic surfaces. FigBui3(a)
demonstrates the sequence of droplet retractiache®GLASS surface. It is shown that from the
time instance ab , the surrounding rim becomes fingdraped as demonstratedFigs. 3.13(b)
and3.13(c) for droplet retracting ab’Q ¢ ton STEFLON and SGLASS surfaces, respectively.
The rim fingers keep beinlgted during the retraction procesand the retracting front between
the fingers quicklymoves back toward the center. In this case, the ateucf the retracting
droples may differ significantly from the assumed shape for the inamiizdle retraction. A further
investigation ofthe retraction rate for droplet retraction of sacimodedeservs future efforts,
which canaccount for both the fluence of the droplet structure and the instabilities during the

retraction process.

(@ < < <« <

Figure 3.13. (a) Image sequences showing droplet retraction at relatively Tafgn 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 bthe Retraction Curves

The lastdiscussion is on the scaling of the retraction curves. As aforementioned in the
introduction, a universal normalized retraction curnv@ ¢ YO vs [0]) for differentw Qis
guestionable. We start from analyzing the experimental data and tipers@@new normalization
of the retraction curves.

Figures3.14(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 atsiglecinstances
areplottedfor clarity. It is shown that the error bars amachsmaller than the difference between
thetwo adjacent curves caused by the change @ This indicates that the failure of the collapse
of retraction curves should not be attributed to the measutesmens, buindeedto the variation
in w Q Relatively high measurement errors can be observed for some cases with veraigh
ACRYLIC and TEFLON. They are both resulted from the random satellite droplets left behind the
retractingTPCL on the sdaces. From these dimensional retraction curves, one can observe that
the average droplet retraction speed generally increases with the incregsevdiich can be
seenfrom the increase of the slopes. When the hydrophobicity increases, the diraknsion
retraction curves get closty each other as shown kigs. 3.14(d)-3.14(f). From Fig. 3.14, it is
foundthat the TPCL does not retract immediately after it reaches its maximum spreadiymg
the existence of the contact angle relaxation plib2@&] between the spreading and retraction
proceses as defined irFig. 3.7. Figures3.15(a)3.15(f) show the variatiomof 0 ando with
different® 'Q Bothd ando decrease with increasing’Q which is consistent with Antonirgt
al.o s f i[1R6@].iThe ghaded arealtig. 3.15 denotes the contact angle relaxation pesiod .

With increasing» ‘Q the gap becomesarrower, meaninghat30 is getting smaller. Moreover,

it is shown that the surface hydrophobicity tends to decmase

59



8 10° 8 108 8 : 108
GLASS xx,ACRYLIC SILICON
[ \ntg*iiii;xxxxxxux 2 [ *re Txg ] 2 [ == ] 2
6 eFEEEea iR Firasiy 10 6 N ;**:o:ti‘,zxiii 10 6 xii e 10
E ‘L vv?vwvvvvww\iéiééiég E *vwvv‘ywv;o,:**yiiiiﬁ E £ H*,{;
*
Eaprormrmrmersnncnna] g1 Egflg e Tf“vé** 10 Eaft ety 1| {10
S P, erttereeias o M rerea, ag YTy = Ve ;§§
= Bt +++++++++++§‘*+* =  aeriay s s, U1 = [F arres T, ‘ii}
& .W*++ *+;+;'§$§[;;55553 « 17****%#* *t: $¢*:++ 4 *‘II;;:ttvﬁvt‘x’g%i
i * ad * * et iz £
2 Ei“i;ﬂﬂ a 100 2 EI;;§§§§¥”::::;:'§$$'» 10° 2 Et:*“‘*qq ff&jivx i‘}- 10°
o + 4 a * a
4! (@) jleeass (b) et ©)
0 y 10" 0 L 10" 0 y 107
0 10 20 0 10 20 0 10 20
t (ms) t (ms) t(ms)
8 T 10% 8 T 10° 8 T 103
=, TEFLON STEFLON SGLASS
6F &%, . (d) 102 6 (€) { 102 s} () 102
—_ % ok w —_ —_
%
— 4 H¥ TEE g - 10" =4} - 10" =4 - 10
Py __‘ ey FE& F = = om
F foiy g [ g [
2L 10 [Faeteit,e 1 B10°  2[,esld 1 B 1
*+ ,etg;g.iééi y stitiss + 4
potss §§;§,g§! ittt e “s
TErE +A‘3‘Q<g
ok L 10" 0% L - 107 0 fa 107
0 10 20 0 10 20 0 10 20
t (ms) t (ms) t (ms)

Figure 3.14. Temporal evolution off 0 on (a) GLASS, (b) ACRYLIC, (c) SILICON, (d)
TEFLON, (e) STEFLON, and (f) SGLASS surfaces for differerindicated by the color bar.

Error bars are included in the plots.
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Figure 3.15. The spreading time and retractistart time at differenb 'Q
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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 differenceTlinereforeijt is more
reasonabléo put all the retraction curves for differenQonto a universal startingpint 0 ,'Y ).

Besides we furthermakethe retraction curveterminateat the end of the capillary retraction
process ¢ AY ), which has been defined Fig. 3.7. The normalized abscissa and ordinate are
Yo YTXTY Y anddo O TO 0O ,respectively. Sucanew scaling of the retraction

curves is demonstrated kig. 3.16.
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Figure 3.16. Newly normalized retraction curves for the six surfaces

It is shown that compared the normalization by¥ in Appendix B.3based on previous
publications the proposed normalizationkig. 3.16 canactuallyreveal certain similarity features
of thedroplet retraction process in the inertalpillary regime: normalized retraction curves at
different impactconditions generally collapse into a universal curve tRe@GLASS surface and
very loww Qon other surfaces, certain deviasagxist from tle universal curve. This may be
attributed to the relatively weak retraction motions for such conditions. As mentioned earlier, the
wetting state for droplampacting ontathe SGLASS surface alwaystaysat the CassieBaxter
state. However, fathe STEFLONSsurface, the retracting droplet experiena€assieto-Wenzel
transition wherw ‘QchangesFrom 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 proguadied) can also give

us physical interpretation for the derivative of the normalized retraction curves. The derivative of
the normalized retraction curvey ¥ Y Y YO0 0 , represents the ratio of the
instantaneous retraction velocity () to the average retraction velocity of the whole retraction

process ® Y Y TOo o0).

3.4 Conclusion

A comprehensive studyf water droplet retraction dynamiesascarried outon six solid
surfaces with varyingvettabilitiesat differentcw 'Q The morphologies of retracting dropletse
summarized and comparethree distinct retraction modes are classified based on the retracting
morphologies: inertial mode, capillary mode, and sphedaplmode.

Particularly, a detailed characterization is presented for the inertial and capillarysnode
The nertial mode occupies the early stage of the retraction process thkilsapillary mode
dominates the later one. Duritige inertiakmode retraction, the retracting drepfeatures am-
lamella structure with slowly-decreasinglynamic receding contact angte{( ). However, during
thecapillary-mode retraction—;, varies with the propagation of the capillary waves released from
the collapse of the rim and larteetowards the threphase contact line (TPCL). A comparison of
the occupiegeriodsreveas that at smalto ‘Q the capillary mode occupies most of the retraction
process. With higheo 'Q the inertial mode starts to dominate the retraction processdm m
hydrophilic surfaces. However, for hydrophobic and superhydrophobic surtaeesapillary
mode is always the primary mode for droplet retraction.

The dependency of the retraction rgtg on Weber numbeand surface wettabilitiesas
investigated experimentally and theoretically. Experimental measurements demonstfate that

generally increases with increasigQwhile forthecapillary mode] tends to decrease. At high
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w'QT reaclesan asymptotic value independentwX? This indicates that for higtb ‘Qdroplet
retraction, the retraction rate is a material constant only. The influence of the surface tyatabili
clear:bothj andi arehigher for the more hydrophobic surface with a higher static receding
contactangle ;). Moreover, it is shown that the dependency ofiw Qtends to be stronger
for more hydrophobic surfaceRarticularly a semiempirical model is proposed to explain the
w ‘Qdependency of the retraction rate for the inenmlde { ). In the proposed model, the
retracting droplet adopts a rilamella structureonsidering av Qdependent average&tynamic

receding contact anglel; ) and a shape factor { "QFQ). The model givesa scalingas

T TOTY 0QTT p 0édhx ©Q8 T o 6 TwQT , which can

well explain the dependence off on impating ®©'Q . A similar scaling

¢ wQB8T 1 o 6 T w'QT) can also be derived from the asymptotic solution

for inviscid drglets impacting on solid surfaces, which alpeedicts the increase pf with
increasingw Q 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 eccuratation for
the retraction rate.

Finally, a new scalingf the retraction curves proposed to reveal similarity behavior
during the droplet retraction process. The classically normalized retraction curés ¥
'Y 0 i0) fail to collape into a universal curve for Blater droplet retractiondue to low
viscosity. Moreover, thecontact angle relaxation phasan causeahe shift of the normalized
retraction curves at differento’Q. The retraction curves normalized in the new way

(YO YTXTY Y 0Oi O O07FT0o o )isfoundtocollapse well into each otheFhe
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derivative of this newly normalized curves can be physically interpreted as the ratio of the

instantaneous retraction velocttythe mean retraction velocity.
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CHAPTER 4: IMPACT AND WICKING OF BLOOD DROPLETS ON TEXTILE

SURFACES

Part of he work presented in this chapter has bseinmittedo FORENSIC SCIENCE

INTERNATIONAL145] and is currently under review.

4.1 Introduction

Early works regarding BPA on fabrics focused on the perspectives in forensic science. The
spatter stais and transfer stains on fabrics were differentiated in Ref6]i [148]. The transfer
stains mostly stayed on the fiber tddg6], while the spatter stains usually preted certain
dynamic features, like more symmetry, surrounding secondary droplets, and zonal drying pattern
[147]. From the early studid449], [150] it was shown that the shape of the bloodstains is an
important aspect to consider when conducting BPA on fabrics. Thddbéono on more absorbent
and coarser fabrics would exhibit a higher degree of stain distoiiié®]. 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 shaf#s0]. It suggested that more research should be done to
analyze stain shapes on fabfitS0].

Quite a few experimental studies have been carried out to investigate the influence of
different factors, like the fabric properti¢$51]i [153], yarn propertied154], [155] fabric
mounting method156], fabric launderind157], surface inclinatio157], etc., on the resultant
bloodstains on fabrics. It was shown that different fabric compositions directly affected the surface
roughness; and therefore, thember and extent of the satellite stains varied accord[a§l].

More systematic investigations were conducted in R&2] to analyze the drip btmstains 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 fibef$52]. It was also found that the number of satellites was
larger on the plakwoven fabric when compared to the jersey knit, though the latter had a higher
surface roughnes3his finding was in contradiction to what was reported in R&fl]. Recently,
the effect of the fabric mass per unit area was investiggs3] 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. Thiwas because of less wicking along the tgtnan 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 ifLB4f. 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 yafi$4]. 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 sta
areas decreased as the yarn size incrdaségi

It is beneficial if the BPA research on fabrics can go beyond the perspectives of forensic
science. As reviewed recent[{t0], 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 REE58] by utilizing a highspeed camera. Three distinct
stages wre 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 dynammdswacking
dynamics. However, in the experiment, the wicking process examined was not the reappost
wicking process. The blood penetration on fabrics was investigated by looking at the motion of

blood on the technical rear of a fabric, which waskbddyy a hard bagé59]. 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 thendynics 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 velf&%jes

The wicking process of blood into the fabric is the reason for bloodstain distortion. Few works
focused on the po$tnpact wicking dynamics. One paper in 2017 experimentally and numerically
studied the imbibition (wicking) of blood into the fabric after impact on a woven f@8jc It

showed that the poeginpact wicking introduced significant systematic errors on the estimate of

i mpact angle (U0) a r3s]. Tdherefoeec moreodetailed serutiylokthe ( 2)
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 blookktdrapact conditions as is done for
nornttextile surfaces. The underlying reason for this is the conmgilextureinvolved impact
process and the subsequent absorbamhyced wicking process on fabrics. Most of the previous
BPA works in analyzing bloodsins 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. Thaepteraims 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 bloodstainesulted from the impact of a millimeteizedblood droplet from(i)
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different impact heightgji) onto different fabrics, anii) with different droplet impact angles.
The corresponding impact process, subsequent wicking process, and resultant bloodstains were
fully recorded. Classical theorieg fdroplet 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 theblood droplet impact and wicking dynamic} With different impact velocitiesjif on
different fabrics, andii() with different impact angledn all thesethree sets of experiments,
millimeter-sized blood dropletaereused, which were generatby using a syringe pump withn
21-Gauge PTFEoated stainless steel dispensimegdle But thedesign of experiments varied
depending on the focus each set. Specifically,

In Experimenti(, the bloodstains were created on plain woven fabric by the perpendicular
impact of a single blood drofD e o@&a &) with six different impactelocities("Y e T&a Ti,
TR A1, p8ux 11, 2.74 71, o&a f1, andt®d 1) and three repetitions for each velocity

In Experimenti(), the bloodstains were created on plain woven fal®xd, twill fabric,
and ssinglejersey knit fabric by the perpendicular impact of a single blood d@pe c&a &)
with three different impact velociti€®y e @i 7i, 8w 7i , andt&a 7i ) and three repetitions
for each velocityBoth the technical front and technical back of thel 3will fabric and single
jersey knit fabric were studied as they presented distinct structures on the front antfbek.
different velocitieqother than the listed three oneskre tested with one repetition torther

investigatethe splashinglynamis ofblood droplet impact on theskfferentfabrics.
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In experimentiii ), the bloodstains were created on twill fabric by the inclined impact of a
single blood drop(O e ogd& &) with one fixed impact velocitfY e ¢8w 7i ). Totally, Six
different imm@act angles(| e p v,b 1, v,Jp I, ) v,Jandw mM)Jand three different fabric
orientations(along the twill directiori e 1t ,Jt vtd the twill directiorf e T v, &nd orthogonal
to the twill direction] e w m)Jwere examinedFive repetitions were cwucted for each
experimental condition.

4.2.1 BloodSource and Characterization

Anticoagulated porcine whole blood purchased from Innovative Research Inc. was used in
all thethree sets oéxperimeng with added K2EDTA anticoagulant. The blood was stored in a
lab refrigerator ap 3. Prior to experiments, the blood was removed from rifrigerator and
placed on a Fisher Scientifl¢ Digital Bottle Roller and rolled at 30 rpm. The blood was ready for
experiment when it became homogeneous and warmed to the ambient températares (3.

The average environment humidity was arogra Bn Experiment ) andy 1t Bn Experiments

(i) and {ii). The ambient condition was stable duratigsets othe experiment. The major physical
propertied160] 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
measuredisinga precision balanceiith five measurement3he surfae tension was measured
using the fAPendant Dr o169 with b cugtomizedidnop phatogrgphy] s o f
system, which was calibrated by deionized water. The blood viscosity was measured using a
Brookfield DV-E Viscometer with the spindle S€48 acording to ASTM D2196l5 Standard

Test Methods for rheological properties of Aidewtonian Materials by Rotational (Brookfield)
Viscometer (Test Method B)62]. The measuwad viscosity at different shear ratesreplottedin

Fig. 4.1(a)(c) for all the three sets a#xperiments The blood sheahinning behavior was
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presented iifrig. 4.1(a)(c). A powerlaw fluid model was employed to fit the experimental results
and the asymptotic viscosity at an infinite shear ¢ate ) was obtained-  will be used ashe
characteristic viscosity of the porcine blood in the following analysis. It has been shown by a few
studieq18], [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.
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Table 4.1. Primary physical properties of porcine blood used in the three experiments.

Density DynamicViscosity | Surface Tension
Experiment (g/mD) @' (mPa3 (MN/m)
(i) 1.04 5.7 60.3
(i) 1.05 4.4 59.9
(iii) 1.05 5.0 59.4

4.2.2 FabricsPreparation and Characterization

The fabris used in the2xperimens include 100% cotton plain woveri00% cottor8x1

twill, and 100% cotton jersey knirior to use, standard laboratory practice for home laundering

fabrics by AATCC monograph M7 wasarried out on all fabrics to simulate a rigorous home

laundering[163]. In this process, the washer was filled with watep &t ¢  and selected a

lukewarm rinse setting of w o d. The detergent TIDE (a registered trademark of Procter &

Gamble Co., Cincinnati OH 4521Wwas added in the amount gf @ p gram. The wash timer
was set for a Ininute cycle. Upon completion of the entire cycle, the load was transferred to a
dryer at the high temperature setting for amdiiute cycle. After laundering fabric, samples of

100x6 0 ( 25. 4cml 15. 2cm)

wer e cut

and

roned

t

0]

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 KOl #as used to measure

the surface roughnestBhefabric structurdor the plain wovens demonstrated in Fig. 4.2(&or

the plain woven fabric, the width of the warp and weft yarns were generally siit@r (i &).

The spacing between the warp yamat & &) was much smaller than that between the weft yarns
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(T ¥ a). For the 3x1 twill fabric and jersey knit fabric, the technical front and technical back
have distinct structures, which have been shown through Figs.-de2(Moreover, for the plia
woven and 3x1 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.

(a) Plain Woven
7

(b) Twill Front (d) Knit Front (e) Knit Back

(c) Twill Back
i e

Course Course

Figure 4.2. Laser images for different fabric structures obtained from the confocal microscope.

The propertie®f the three types of fabriegere measured arate summarized in Tabl
4.2 Thefabric thicknessvas measured by AMES thickness tester following tesbogdtiin the
ASTM D177796 (Reapproved 2019): Standard Test Method for Thickness of Textile Materials
[164]. Fabric count was measured according to ASTRVFIb517el Standard Test Method for
End (warp) and Pick (Filling) count of Woven Fabrjt65]. The weight of the fabric in grams
per square meter was tested following option C in the ASTM D3776/D3&&MReapproved
2017): Standard Test Methods for Mass Per unit Area (weight) of {4i66¢

Table 4.2. Properties of the three types of fabrics.

Fabric Characteristics Plain Woven 3x1 Twill Single Jersey Knit
Thickness (mm) & @ 18t p ™ 1 181 p T w 18t p
Tread Count (epi x ppi) 124 x 66 110 x 44 35x 35
Weight per unit area@a ) 124.0 236.9 159.5

aepi x ppi = endgperinch x picksperinch
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Yarn propertiesaresummarized in Tablé.3 for the three types of fabricgarn number
and linear densityvere measured accordingttee ASTM D105917: Standard Test Method for
Yarn Number Based on Shdrength Specimend 67]. Warp and weft yarnfor the plain woven
fabric geneally share similar properties in terms of the linear density.

Table 4.3. Yarn properties of each type of fabric.

Eabric varmn Linear density . Yarn number
(g/m) Denier | Dtex? | Ne®
Plain Warp 0.01427 128 143 41.4
Woven Weft 0.01413 127 141 41.8
3x1 Warp 0.02586 232.7 259 22.8
Twill Weft 0.05393 485.4 539 11.0
Jersey Wale
Knit Course 0.02210 198.9 221 26.7

2 Denier=g/9000m® Dtex=g/10000m¢ Ne=5905 Dtex

The roughness measurement waductedor all the five different fabric structureBlain
Woven Twill Front, Twill Back Knit Front, Knit Back in terms of the area roughnes¥ @
arithmetical mean height of an area on the fabiibe arearoughness was measured within
differentregions of interest (ROI) on the fabric sample. Tésultsshowed that the roughness
difference among different ROIs was not statistically significadt ( O ). The
average surface roughness forfikie fabric structurewere summarized in Table 4.4.

Table 4.4. Surface roughness of five different fabric structures.

Surface Line Roughness Parameter
Fabric
Roughness,
Surface Ra( & Rsm( 0 Rpk ( &
Y& 9

Warp | Weft Warp | Weft | Warp | Weft
Plain Woven| ¢ ® T

16.5 17.6 232 240 22.0 18.0

73



Table 4.4. (Continued)

Warp | Weft | Warp | Weft | Warp | Weft
Twill Front o& pd

35.3 34.4 303 452 39.8 41.6

Warp | Weft | Warp | Weft | Warp | Weft
Twill Back o® of

16.9 33.7 257 419 32.0 39.5

Wale | Course| Wale | Course| Wale | Course
Knit Front ¢B U8t

42.2 54.7 299 203 96.2 86.9

Wale | Course| Wale | Course| Wale | Course
Knit Back X® U8

534 55.8 212 442 71.9 73.6

directions was also measurked Plain Woverand is summarized in Fig.3. For the plain woven

Line roughnes$§Y (arithmetical mean height of a line on the fabalgngmoreselected

fabric, kasically, there are four types of fabric line segment, including the-weftpwarp, weft

warpweft, weftweft-weft, and warpwvarpwarp. 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 directiamsttowards the warp direction and

reaches its maximum along the warp direction

t

Special caution was exercised in mounting the Jvaicked 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 spacingofam woven fabric (technical front and back)

and 3x1 twill fabric (technical front and back) generally remain the same before and after being

Prior to the experiment, each fabric sample n@sedagain to remove the wrinkles. Then,

he fabric

wa s

backed

on

a

60

( 15 .bdiderymoop. har d
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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.

(a) Warp-Weft-Warp (b) Weft-Warp-Weft (c) Weft-Weft-Weft (d) Warp-Warp-Warp (e) Polar representation

3Ty | D1 §¥ D2 D3
Ra = 18.663um Ra =16.217um Ra = 25.091um Ra = 20.358um

Ra = 19.599um Ra = 18.060um Ra =19.992um Ra =17.113um

Ra = 15.488um Ra = 15.608um Ra = 23.177um Ra = 25.318um

Rp— W WE ST W wm
: A L 4 L/ 4
- Ve L D1 - o
. /(7.8 ] v/ ‘“-;
P . A .l
g | /I ¥ | | / g ;
D1 D2 ‘,'ﬁ\_
Ra =17.839um Ra = 22.770um Ra = 21.674um Weft
Ra = 23.481uym Ra = 23.952um Ra = 21.409um Ra = 21.446um
Ra = 24.740um Ra = 26.349um Ra = 22.764um

Figure 4. 3. Measurement of fabric line roughness along different directions and in different
scenarios, including (a) waspeft-warp, (§ weft-warpweft, (c) weftweft-weft, and (d) warp
warpwarp. (e) A sketch showing the fabric directional roughnéssis the averaged line

roughness along the same direction.

4.2 3 Visualization Setup

The visualizationsetup 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) & (i)Figure4.4demonstrates thaultiscale imaging system foxgeriment

(i) and (i), consisting of higkspeed/lowspeed video recording setup (Fig4a), macroscopic
bloodstain imaging setup (Fig. 4.4b), and microscopic bloodstain imaging setup (Fig. 4.4c). In the

video recording setup, the two high speed camem® Wior capturing blood droplempact
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dynamics and the DSLR video camera was for recording the low speed butitoagolood
dropletwicking dynamicson the fabricHSC #1(nac HotShot 1280) is placed horizontally to
capture the droplet falling trajectowith a Sigma 50mm /2.8 macro lens at a frame rate of 4,000
fps The sideview of the droplesurface interactiomasalsorecorded bythis camera. A second
high-speed camer&SC #2(Phantom v4.3)arranged orthogonally tdSC #1 wastilted 45° with
respect to théhorizontal directiorto record the droplet impact process through a Nikon 60mm
f/2.8 macro lens at a frame rate of 4,406 Backlightingwasusedfor both cameras to illuminate

the droplet.

o m m o = = = ——

/
U
! |
/ ! Syringe
/ pump

Canon Imaging Software

=

v
6 =~
150 Watts Lamp N &/ m« i
y — in / High-speed Camera #2 \ 3 : \

DSLR Camera #3

L

Ml Leo ngh

DSLR Camera #1 — W" "
Igh-spee:
-

) S F L 4 1
Fabric with Bloodstain c?l Microscope |
o X

Tripod

Figure 4. 4. Multiscale imaging system. (a) Higgpeed and lovgpeed video recording setup
(sketch shown in dashed boXb) macroscopic bloodstain imaging setup, and (c) microscopic

bloodstain imaging setup.
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The two highspeed cameraand other associated optics wesynchronized using a
pulse/delay generator (Stanford Research DG535). Generally, the twespeglh cameras
recorcedless than 1 second after the blood droplet hit the target suftaeefore, the longlood
wicking proass on the fabric surfaveas mostlyrecorded bypSLRCamera#1 (Canon 60D) with
an 18135mm Canon EFS lenBSLRCamera#1 wastilted 70° with respect to the ground. No
external light sourcevas usedor the lowspeed recordinglhe recording bypSLRCamera#1
lasted more than 3 minutes, which was long enough to cover the entire wicking process.

The examination of the bloodstaweas conducted in both macroscale and microscale.
Figure 4.4(b) demonstrates the macroscale bloodstain imaging setup, which condB®_Rf
Camera#2 (Canon 1200D) and a Canon macro lens (Cano#s BBmm f/2.8). This setuwas
used toimageboth the frestbloodstain (~finsafter impact) and the dried bloodstain (hgst
after impact). More details of the bloodstaiareobtained througlan Omano optical microscope
(8%) with DSLRCamera#3 (Canon Rebel T6ias shown in Figurd.8(c).

In summary, the datasobtained irexperimen{i) and (i) included the higéspeed video
( pi) from the side view, the higbpeed video ( pi) from the tilted view{ v),Jthe lowspeed
video (o "Q9 from the tilted view, the macroscopic bloodstain image @ 6 dff) Qo fQra
the freshXq va "Qéeatfter impact) and dried bloodstains {i°C}), and the microscopic bloodstain
image @ oM Qo Wardthe dried bloodstain. In this way, a full history was obtained for the
formation of resulting blocgtains on fabric, after the blood droplet impact.

Experiment (iii) Similar setup as shown in Fig. 4.4 was utilized in the third set of

experimenwith the highspeed/lowspeed video recording setup being slightly different from that
in Fig. 4.4(a).Figure 4.5 demonstrates the video recording setpecially constructed for

Experiment ifi). 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 hyetgonio
for the corresponding impact angléhe syringe needle was placed 200mm above the droplet

impact site for all different impact angles.

Figure 4.5. High-speed and lovepeed video recording setup constructed in the blood drop

inclined impact experiment.

The Highspeed camera #1 (at 3,0ff3), together with an 2835mm Canon EFS lens,
was placed horizontally to record the sidew evolution of blooddrop profile on the inclined
fabric surface. A LED light with Fresnel lens was used as the backlighting for thesptgll
Camera #1. The Highpeed Camera #2 (at 3,0fi3), together with a Nikon 60mm /2.8 macro
lens, was rotated in three dimensiongind 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 Higkspeed Camera #2 is different. A 100W halogen light was used fordpiegd
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 /2.8
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macro lens, was placed right in front of the surface this time to reafite subsequent wicking
process at a frame rate of &
4.2 4 Data Processing and Analysis

Similarly, the data processing and analysis workflow varies between expenjr& i
and experimenti{). Details are included as follows.

Experinent (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 privatssild 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 employetetmnstruct the real bloodstain shapes. The
customizedPM 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 spéied before the implementation of the IPM reconstruction. The IPM
reconstruction was conducted on all the image sequences from HSC #2 and DSLR Camera #1.
Figures4.6(a) and4.6(b) demonstrate the IPM reconstruction for the calibration ruler
captured by I3C #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 ih.&igjsand4.6(d). The fresh
bloodstain images obtained from DSLR Camera #2 were chosen as the baseling.&idyid-he
lastimage available from DSLR Camera #1 (representing the bloodstain after 3mins and remaining
unchanged during the rest of the lifeas compared with the baseline. It shows that the IPM

reconstruction works well with camera DSLR Camera #1. Therefore, in4fgl), for the
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validation of the IPMreconstructed images from HSC #2, the HRMonstructed image from
DSLR Camera #1 at therse time instance (typically sometime witlph) was chosen as the
baseline. Generally, the reconstructed images from HSC #2 can also well recover the real
bloodstain shapes as shown in Big(d). The errors appear to be increasing a bit for higher impac
velocities, especially around the local spines. The error could come from the lighting condition,
bloodstain edge detection, and the IPM algoritAthe achieved accuracy in recovering the
bloodstain morphologies is sufficient for the following discussiam blood droplet impact

dynamics, wicking dynamics, and bloodstain shape anafysisperimentif and {i).

Original X-calibration Reconstructed X-calibration
Original Y-calibration Reconstructed Y-calibration
v - - -
10 10 10
© E o E o E o
-10 -10 -10
-10 0 10 -10 0 10 -10 0 10
10 mm 10 mm 10 mm

(d)

mm
o
mm
o

£

-10 -10 -10 -
-10 0 10 -10 0 10 -10 0 10
mm mm mm
Uy=0.3m/s Uy=2.0m/s Uy=3.3m/s
=== |PM-Reconstructed - == Baseline

Figure 4.6. Sample IPM reconstruction of calibration rulers for the-dlséd HSC #2
demonstrated in (a)->direction and (b) Ydirection; 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 veloaityhe inclined impact

experimentvere calculated fronthe horizontaHigh-speed Camera #The details of the blood

drop impacting morphologies and wicking process can be obtained from thespéigd Canra

#2 and DSLR Camera #1, respectivelfe difference of the data processing method between
Experiment ifi ) and Experimenti)&(ii) lies in the image reconstruction meth@ufferent from

the customized IPM code in the above, the commercial MATLAB Car@atdrator in the
Computer Vision Toolbox was used in reconstructing the dynamic blood drop morphologies in

Experiment ifi).

Ot S o & |
™ - B

Figure 4.7. (a) Images of checkerboard pattern captured for different orientations. (b) Detected

Vo Tow = Py

(c)
checkerboard points in the MATLAB Camera Calibrator. (c) Reprojection errors based on the

calibration results.
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To calibrate the rotated camera (Higheed Camera #2) ug MATLAB Camera
Calibrator, 1820 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 wouldab®matically detected (as shown in Fig. 4.7b)
and calibrated. The camera parameters, including the intrinsic, extrinsic, and distortion coefficient
will be given as the outpuEinally, it is shown from Fig. 4.7(c) that the reprojection error is

generaly 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 morpholodyigures 4.8 and 4.9 demonstrate image

sequences from different camerbdSC #, HSC #2 andDSLRCamera#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 48 shows the case of a naplashing blood droplet at a low impact velocity. At
early times ¢ p @ i), the impacting blood droplet on fabric experiences the spreading and
retraction phase, which is similar to diejgmpact on nostextile surfaces. From the tiltadewed
images, it is shown that the spreading blood droplet features a surrounding rim around the central
lamella. During the retraction phase  t i),thesec a | | e d -mfid (B8] rs thé dmrhinant
retraction mechanism. After the retraction, the droplet becomes sessile on the fabtiguidith
blood being absorbed vertically by the porous fabric and the stain area remaining almost
unchanged. This is consistent with what was found in[R&8]. Such absorption stage only lasts

for a short while. At @ i, 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 stin 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.

1.8ms 2.5ms 3.3ms

High-speed Video Camera

DSLR Video Camera

- - — Inertial impact stage - - -1st wicking stage —— 2" wicking stage

Figure 4.8. Non-splashing blood dmdet morphology during its impact and wicking process (In
AHIi-glheed Vi deo Cameraodo box, the top i mages ar ¢
arefromthe45t i | ted view; In ADSLR Video Camerad bo:
tilted view. Dashkdot 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 wiclirstage. In a previous pap68], two phases were also
classified for droplet wicking process: in Phasgsignificant amount of liquid volume is above
the substrate; while in Phagemost of the liquid is constrained between the top and bottom fabric
surfaces. By examining the wicking morphologies, P{iaaad Phas@ basically corresponds to
the first wicking stage and the second wicking stage defined in this paper, respectively.

Similar distinctstages can be observed when splashing occurs as shownd®Hyring
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 theetrsiction drag becomes
larger. Moreover, the ejected blood spatter td&es away a certain portion of energy, making it
less likely to retract on the fabric surface. Compared tod&ga blood droplet hitting the fabric
with a higher impact velocity experiences a shorter inertial impact stage. For instance, for a lower
impact velocity in Fig4.8, the retraction ends at aroupdg i, while for a higher impact velocity
in Fig. 4.9, the whole inertial impact stage only talgest i. The subsequent wicking process
increases the bloodstain area and more importantly nifisigntly 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 impaduced bloodstain? What do the underlying
dynamics look like in the postnpact wicking process? The following aputitative 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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0 0.2ms 0.5ms 0.7ms 0.9ms 1.1ms mm
= ; ‘ e .

High-speed Video Camera

DSLR Video Camera

- - - Inertial impact stage - - - 1st wicking stage 2 wicking stage

Figure 4.9. Splashing blood droplet morphology during its impact and wicking process (In
AHi-gheed Video Camerao box, the top images ar ¢
arefromthe45t i | ted view; I n ADSLR Video C@&mer ad bo:
tilted view. Dashdot lines for the inertial impact stage, dash lines for the first wicking stage, and

solid lines for the second wicking stage).

Phase classificatiomhe quantitative phase classification is based on the spreading curves

as demonstrated in Fig.10, which shows the temporal evolution of the bloodstain area. The stain
area was calculated from the tiltegtw images instead of the sigleew images becae the stain

shape was asymmetric. In the tikei@w images, as shown in Fig&8 and4.9, the view of the
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threephase contact line could be blocked by the surrounding rim and its shadows due to the
lighting condition. This would make the calculationtlé 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. Therfere, as shown in Figt.10(a), the temporal evolution of the stain area only starts

from the end of the inertial impact stage, which is typically in the ordermof i.

(a) (b)

250 oy . " oy r oor 250 e r = - = =
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™~ s ™
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Figure 4.10. (a) Spreading curves for representateses showing the temporal evolution of the
bloodstain area; (b) A detailed stage classification for the wholampsict process on the
fabric, including inertial stage, initial absorptiofi-diking stage, 2 wicking stage, and the

final stage.

It is shown from Figl10(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 locities. This is consistent with what was found in Ré&f3]: for light fabric
with low mass per unit aread., 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 minienizby analyzing them in a n@hmensional 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 FigO(b). The curves showing the inertial impact stage, as
marked in dash, was calculated from the sigsv images for demonstratioiY is the stain area
solely induced by the inertial impact; abdnarks the end of the retraction and meanwhile, the
start of the initial absorptiofilt58]. During the initial absorption, the blood is mainly drawn
vertically to fill up the capillary chares. When the yarns below the impatduced area become
saturated, the radial wicking process starts; and the bloodstain area increases dramatically during
the firstwicking stage as shown in Fig.14b). 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 thegutarities on the edge of those
bloodstains. More than that, it is shown in FiglOdb) that these two wicking stages feature
different slopes. After the second wicking stage, the blood stain area reaches its finaMalue (
which remains unchangedidng its rest of life. A comparison between the bloodstain images for
the fresh and dried bloodstains (obtained fl@8LRC #Zhown in Fig. 44b) reveals no difference
in the stain area caused by the drying process.

Analysis of bloodstain areBhe impactinduced stain areay) represents the contribution

of the inertial impact in forming bloodstains while the final stain aiaricludes both the effects

of inertial impact and capillary wicking on the fabric. To make the analysis more unigersaial

dimensionless parameters are introduced as follows:
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(4.1a, b, ¢)

(4.2a, b)

Ik denotes the equivalent maximum inertial spread factgrthe equivalent impact

induced stain factor, arid j the equivalent final stain facto® Qdenotes the impact Weber

number andY ‘@enotes the impact Reynolds number.
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Figure 4.11. (a) The variation of the impaatduced stain factor and the final stain factor with

respect toVe (b) Comparison among the experimental data from current study, experimental

data from de Goedet al.[35], and the theoretical correlation from Leteal.[19]. (The diamond

marker and solid line denote the maximum spread factoilhe circle marker and dashed line

denotes the impa@hduced factor ); (c) Evaluation of the contribution of wicking process to

the finalbloodstain area.
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It is shown from Fig. 4.11(a) thhaty remains constant for differeni’ Q The average
equivalent final strain factor jsl;  t1® o This specific value should be related to the original
blood drop volume and the fabric porosity ceristics; and it could be estimated based on the
previous theories developed in R¢&3], [169].

In contrast] f increases significantly with the increasewf) which can be well depicted
by an empirical power law correlation as shown in Figl@)l To better reveal the fundamental
physics in blood droplet impact on fabric sugagca universal scaling for droplet maximum spread
factor on nortextile surfaceg19] 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 experimefi35], which, however, would not influence the instantaneous impact
process.

Figure 4.1(b) demonstrates the comparison. It should be noted that the universal scaling
[19] and the adopted data from REE5] areboth for the maximum spread factor. Therefore, the
equivalent maximum spread factoér (;) in our experiment, as defined by Ed4.1@), is also
included in the plot, which is estimated from the sré&v images. It is shown that the correlation
[19] well predicts the maximum spread factor on plamven fabrics in both studies whenQ
p 1, @lthough it was originally proposed for ntextile surfaces. Moreover, the expeental data
for the maximum spread factor in both studies agreed very well with each otherC(Foip m,1t
the theoretical correlation overshoots the experimental measurement. With a higher impact
velocity (the same as a higherQin this study), the visous dissipation will be dominant. It has
been shown that the complex structure of a fabric can induce additional viscous disE3adtion

which is not considered in the classical correlafis].
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A more important factor that should be a focus for BPA research is the equivalent impact
induced stain factof (/) , whi ch is the Ainitial o state for
pointed out in Ref[38], such information is of greamportance as it provides the input to
simulation models to predict the stain growth on a fabric. It is shown from FigbXthat at low
®w'QT  is smaller thah § as the retraction is dominant. At highQ the variation of f is
roughly the same ds . Moreover, it is found that after a critical Weber numbe t m)mthe
increase becomes minor and approaches a flat line. By adopting the universal[$8litige
experimental measurement of, in the current study can be predicted by the following modified

correlation:

fh Tes Yo7 ——mQ 1 ¢ m 4.3)
T T kS Tyva 7 ToQ T
Once  and' j have been determined, the contribution of wicking to the bloodstain area

can be analyzed, as shown in Fig14c). Such a contribution can be quantified in term$ of

I A &. 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 conveniencenpfotisy
analysis in the next section. It is shown from Fig.1&) that with highefY (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 mtiovo limiting conditions. At near zero

'Y (zero™Y), this ratio approaches a constant as follows:

s, AR F‘; . (4.4)
At extremely highY Ghigh™Y),T ; can be approximated by Eq. (4.3) for the case of

w'Q 1 ¢.1Therefore, the asymptotic value of the ratio becomes
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S o V _ " - . (4.5)

Blood droplet wicking dyamics on fabric3§he Washburn equatida70] is usually used

to depict the wicking (or imbition) of liquid from an infinite reservoir in-D case[1]. For

wicking from a finite reservoir, an equatian 0 [ 7~ w 0 is developed168]. 0 is the

wicking areap is the fabric sorption coefficient, awd is the droplet volume. Theoretically,

¢ 1@ anda T X Such a correlation cannot be used in the current study, as the initial area

before the wicking amurs cannot be neglected, which is a presumption of the equation[268}e
According to Ref[168], in the first wicking stagehe 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, whih is adopted from the correlation that describes the radial wicking for

isotropic wicking scenarifl71]:

z

-—li—= -p — . (4.6)

A R h i
0 is the capillary pressure in the fabri@js the fabric permeability%ois the fabric
porosity,i is the instant radial wicking length, ang is the radius of the wicking source, which
is exactly the equivalent radius of the impatuced stain. As discussed abowe] (;) marks
the beginning of the wicking process. For the current stalidy,0 0, which is the pure wicking
time. Moreover] fi; T X j. Therefore, by substitution of the two correlations abawe

appropriate arrangement, Eq. (4.6) becomes the following:

60— — - —2 p i1—2 p -p o . 4.7)
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0O O f0 denotes the dimensionless wicking time, and T 7 @ j the
dimensionless wicking factor. Finally, the lefiost term in Eq. (4.7) can be put together as a

coefficientd® as follows:
6" b--— b, &

wherew is the averaged contact line velocity during the inertial impact stage, which is
usually proportional to the droplet impact veloCi¥y. Equation 4.7) is too complicated to have a

simple expression solution. Neverthelessgxgmining the righhand side of EQ4(7), it is shown

that the function can be approximated by a simple functiormas | '+ M 1 . Therefore,
a simple correlation for describing blood droplet giogbact wicking dynamics during the first

wicking stage is proposed as follows:

R J— (4.9)

A
where6here is defined as the @Awi cok.iBypupingcoef fi

Eqg. @.9) to fit the expemental data, the values of the wicking coefficiérdan be determined,

which is demonstrated in Fi¢g.12(a). Eq. 4.9) proves to be a good description of the wicking

dynamics in the first wicking stage: Thesguared values for the fitting based on &P) are

mostly above 0.9. Moreover, after arrangintp the left of Eq.4.9), all the curves in the lelpg

scale collapse together as shown in Bid2(b). The slope of the collapsed curves is close to 0.5.

Therefore, it implies that the Washburruatjon (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 velocitresontrast, the wicking

coeffident 0 is dependent on the impact velocity. The variatiod cfin 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:

& Mo”0 -—————. 4.10)

R
For different impact velocitied) , —, 'Q %, and’O remain constant. Therefore, the

variation ofo with respect tao ‘Qcan be approximated as follows:

Ox _h_x —ﬁ—x _8_8X wQ 8 . 4@1)

Such approximation can well correlate the varying wicking coefficients as show in Fig.
4.12(a).
(@ | _ (b)

€ =0.267We 3 .
R-squared: 0.99 :

© 107 4

100 10 102 103 104 100 10° 102 103
We (t - ti)/tr

Figure 4.12. (a) Variation of the wicking coefficier@ with different impact Weber numbers;

(b) Collapse of all the curves during the fivatking stage based on Equatich9)).

4.3.2 Effects of Fabric Type

Comparison ofirop impact morphologieand dynamic§igures 4.13(a)-(e) demonstrates

the morphologs of blood droplets impacting dime five different textile surfaces, including the
Plain Woven Twill Front, Twill Back Knit Front, andKnit Back with an impact velocity airound
X 71 . It should be noted that Rg4.13(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 surfabesspreading process on these complex
textilessurfaces 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 cé@aseslial motion and a
maximum spread on the surfaces was achiedier thispoint, 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 typicalgnds withinp @ i for all the five different fabric structureghe
retraction of the threphase contact line (TPCL) could not be visually detected due to the blockage
of the rim outer edge and the light shadows, fronothigue view images in Figsl3(a)-(e).

Referring to Tablel.4, it is shown that the average surface rough(i&gsof Knit Back>
Knit Front > Twill Back> Twill Front > Plain Woven From Fg. 4.13(e) it is demonstrated that
the droplet impact on thénit Backsurface exhibits theirongestim instabilities, which i€learly
revealed from the start of recoiling procdascontrast, 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 condated 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 Riglean the
plain woven fabric, it induces less disturbance on the rim of ffleadmg blood drop.

Furthermore, when the blood drop impact velocity doubles, more differences can be
observed regarding the rim instabilities. Figures 4.1@&Rpillustrates the blood drop morphologies
at an impact speed qfi Fi on the five different fabric structures. fiis impact Weber number
(w0 ® ¢ p)rstrong 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 thePlain WovenKnit Front, andKnit Back In contrast, oA will Front andTwill 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 dimdjers
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 velocityY§ vd 7i), 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, characteasticslynamics 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 velocitpaffi on (a)Plain

Woven (b) Twill Front, (c) Twill Back (d) Knit Front, and (eKnit Backsurfaces.
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(a) Plain Woven: D,=3.3mm, U,=1m/s, We=53
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(b) Twill Front: D,=3.2mm, U,=0.9m/s, We=47
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KRR
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(c) Twill Back: D,=3.2mm, U,=0.9m/s, We=47
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(d) Knit Front: D,=3.2mm, U,=1m/s, We=52
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(e) Knit Back: D,=3.3mm, U,=1m/s, We=53
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Figure 4.14. Blood drop impact morphologies with an impact velocitg@ffi on (a)Plain

Woven (b) Twill Front, (c) Twill Back (d) Knit Front, and (eKnit Backsurfaces.
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(a) Plain Woven: D;=3.2mm, U,=2m/s, We=215
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(b) Twill Front: D,=3.2mm, U,=2m/s, We=208

(c) Twill Back: Dy=3.2mm, Uy=2m/s, We=217
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(d) Knit Front: D,=3.2mm, U,=2m/s, We=218
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(e) Knit Back: Dy=3.2mm, Uy=2m/s, We=209
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Comparison obloodstain areeSimilar to what has been defined and analyzed in Section

4.3.], the two key dimensionless stain factor, namely the equivalent inmuaated stain factor
( ) and the equivalent final stain factdr ), are compared among the didifferent fabric
structures. Figure 4.15 demonstrates thevalues off j for different fabric structures.
Measurements were repeated three times for each experimental condition and error bars are

included in Fig4.15

_ 4.00 ;
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£ 350 3 & Twill Front :
§ 300 ] ©TwilBack
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(We)

Figure 4.15. Variation of the impaeinduced stain factor at different Welrarmbers for

different fabric surfaces.

As illustrated previously, the impattduced stain factor is supposed to increase with the
increase of drop impact energy and thus the impact Weber nuafgioa Plain Woven fabric.
Figure4.15further demonstitas that this trend holds true footh the technical front and back of
the 3x1 twill fabric and jersey knit fabriDifferences can be observed in term§ gf among the
five different fabric structure&enerally] j is the largest on the 3x1itlwfabric, smallest on the
jersey knit fabric, and ubetween on the plain woven fabri€.should be noted here that twill
fabric has higher surface roughness than the plain woven fabric but has largetinupeet stain

factor. This implies that the absolute surface roughn@é®dlone cannot be used to explain the
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difference in the imactinduced stain factoror at least the influence of th¥wont § is not
monotonical. Differences between the two sides of the same fabric are much smaller than
differences among different fabric typasd they seem to be well consistent with tireasured
values of Y For larger values o¥ ddon Twill Back and Knit Back, the impacinduced stain

factor tends to be slightly smaller, especially at high&?
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Figure 4.16. Variation of the final stain factor atfferent Weber numbers for different fabric

surfaces.

The other important stain factathe equivalent stain factor (;), has been shown in

Section 4.3.1 to have a very weak dependence of impact Weber number for plain woven fabric.

Figure4.16further demonstrates the variatiorf of, with three differento Qfor the five different

fabric structureslt is shown that thelependence ¢f ; onw ‘Qis much weaker than . For

Plain Wovena minor decrease (P was observed when the Weber number increases fiom

tox p ¢ ™ @n the other hand, fofwill Front, Twill Back Knit Front, and Knit Back slight
increase@P , @ b Y b andt D off j is demonstrated with the increasaf) Considering the

small variation ( ¢ B and uncertainties of measurement, the average equivalent stain factor

could be used to approximétee equivalent final stain factéor blood dop impacting on plain
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woven fabric, 3x1 twill fabric, and jersey knit fabric. These average equivalent stain fa&tors (
for a blood drop with a volume of @' (or a diameter o6& & &, are4.75 forPlain Woven3.81
for Twill Front, 3.79 forTwill Back 2.85 forKnit Front, and 2.71 foKnit Back Whether this
constant depersibn the initial blood drop volume or not will be further investigdéeer.

As can be seen from the abovéfetencesint ; among differenfabric types are huge
1 [ for plain woven fabric and 3x1 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 vakieff  onTwill Front andTwill Backare almost the san
The values of j on Knit Back are slightly(* o P ¢ P) smallerthan that onKnit Front.
Compared to the 3x1 twill fabric, the front and back of the jersey knit fabric differ a bit more in
the value of absolute surface roughn@seerefore, the observed differencé i, for Knit Front
and Knit Backimplies that for the same fabric (saly@n compositions), the surface structure
could have certain effects on the final stain factor when resulting in different surface roughness.

By comparing Fig4.15and Fig.4.16 it is shown that the difference in the stain factor
among different typs 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 proteksminate
after the inertial impact process. Therefore, the subsequent blood wickingnnsbtbuld be
responsible for the significant difference among different fabric types. Hglifsummarizes the
contribution of subsequent wicking in the final stain factor for the five different fabric structures,
which has been defined in Section 4.8slf T A 5. For all examined fabric structures,
this ratio decreases with the increase of Reynolds nurb@o(¢ impact velocity ) in current
study, indicating weaker influence of wicking in determining the filabdstain 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 'Y (small'Y Rand becmes larger with the increase™f. According to Refs[38][169],

during the wicking processnly 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, thiegvadsility

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 3x1 twill fabric; but
does affect the wicking process on theggrinit fabric. As shown from Fig..17, the contribution

of wicking onKnit Backis generally weaker than that Knit Front and the difference grows with

increasing impact velocity.
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Figure 4.17.Variation of the contribution of wicking in forming the final bloodstain area at

different Reynolds numbers for different fabric surfaces.

Comparison ofvicking dynamicdt has beemlemonstrateth Section 4.3.1 that Equation

4.9 can wellapproximatehe firststage blood drop wicking dynamics on plain woven fabric. The
question ighatwill the simple power lavapply to other types of fabrics, like the 3x1 twill fabric

and jersey knit fabricWill 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 thest-stagewicking dynamics on these five
distinct fabric structures.

The data analysis method is slightly different from theBection 4.3.1In Section 4.3.1,
the data from the highpeed video camera and the DSLR video camera were combihade@a
full history of blood drop impacting, spreading, and wicking process on fabricgoBtenpact
wicking dynamicswere analyzed based on the combined datzafter certain interpolation
(between the higspeed video camera and DSLR camera) andection of the tilted view
However, at the completion of this dissertation, sucombined data set is not available yet.
Therefore,to have a preliminargompaison of the wicking dynamics among different fabric
surfaces, only the data from the DSLR vidamnera were used in the analysis.

The first captured bl oodstain image by the
of dr op r et Because the datadronoticedrigheanl video camera and DSLR video
camera are not interpolated yet. Thiere, the absolute time after droplet imp#&mt each frame
in the DSLR video is unknowin the analysishe parameters associated with the first image are
assigned a8 (time after impact when the retraction process ends) gn@impactinducedstain
factor) It should be noted that is an unknow here. But the time elapsed after the end of retraction
for each frame is a relative time and can be calculatedl a® solely based on the DSLR videos.
To make the analysis satbnsistent, ;; was calculated based on the first bloodstain image frame
captured by the DSLR video camgadthough its values can be more accurately calculated from
the highspeed video camera and have been analyzed in the dli®/eomparison of the values
of T j calculated from higispeed videos and approximated from the DSLR videos is

demonstrated in Figl.18for the estimation odnyinaccuracieslt is shown that the error caused
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by the estimation tends to be very smHifierefore, the current data analysis method in the wicking

dynamics solely based on the DSLR video data set is considered valid.

4

w
L
AN

Bi . estimated from
DSLR Video Data

2

B . obtained from
High-speed Video Data

Figure 4.18. Comparison of the ; estimated from DSLR video data andithg obtaine& from

the highspeed video data.

Becausa& is unknown, the normalization of the elapsed time was conducted in terms of
OTY withe "YOFO andd YO 7TO . Moreover, the absolute wicking factdr (0 1 )
rather than theelative one ¢ 0 T y X ) 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 Equationd.9:

o T 60 O . 4.12

It should be noted that EqJ2is only an empirical fitting function while E4.9is an approximate
solutionof Eqg.4.9. According to the discussion in Section 4.3.1, the power coeffidiebasically
denotes the wickig rate of the blood drop on the fabrits.Eq. 4.9, the power coefficient was
fixed atpX¢; while in Eg.4.12 the power coefficient is also a fitting parameter. The focubkeof
analysishereis to find the best power coefficiefit ) for blooddrop wicking on each fabric surface.

Figures4.19 4.20 and4.21 demonstrate all the fitting resultd the firststage wicking

process for all the five different fabric surfacak the three different impact velocities)d all the
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three repetitionslhe end of the fitsstage wickingvas selected as the image frame when no liquid
blood isobserved to babove the fabric surface (all liquid part already wicks into the fabrics).
This critical image frame was selected based on the DLSR vituosn the cetral 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 dnt@mgéframe could be obtained

from sideview images, which was not availakin the current studyin the future, ahorizontal

DSLR video camermaybe added for a more accurate determination of the end of thetéigs

wicking process.

A preliminary examination of Figs. 4.19, 4.20, and 4.21 shows that thethiggtwicking
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 velocitiesr the power coefficient, it is shown from Fig. 4.22(a)
that the theoretical value of 0.5 can generally approximate theti@gée wicking rate on tHélain
Woven Twill Front, andTwill Back No significant difference i0 was observed among these
three fabric surfaces. In contrast, the value§ dre significantly larger oinit Front andKnit
Back Specifically, Knit Back has the largest values of among all the fabric surfaces. The
difference between thKnit Front and Knit Backis also relatively more significant than that
betweenTwill Front and Twill Back On the other hand, the difference in the dimensionless
wicking duration is also significant among different fabric surfaBé&sn Woverhas the longest
wicking duration among the five fabric surfaces and single jersey knit fabric has the shortest
wicking duration. The wicking duration on 3x1 twill fabric is-hetween. According to Fig.
4.22(b), there is no significant difference in the dimensionless wickiragidn between the front

and back for the same type of fabric.
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(a) Plain Woven
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Figure 4.19. Fitting results of the firsstage wicking process based on Eq. (#f@2the impact

velocity of pa i on (a) Plain Woven, (b) Twill Front, (c) Twill Back, (d) Knit Front, and (e)

Knit Back surfaces.
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