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Abstract

The complexity associated with droplets spreadingwifaces has attracted significant interest
for several decades. Sustained activity results thrmmany natural and manufactured systems
that are reliant on droplet-substrate interactionssgndading. Interfacial shear rheology and
its influence on the dynamics of droplet spreading toadate received little attention. In the
current study, saponfiraescin was used as an interfacial shear rheologlfierg partitioning

at the airwater interface to form a strongly elastic interface (G’/G” ~ 6) within 1 min aging.
The droplet spreading dynamics of Newtonian (watevi% ethanol, 0.0015 wt% N-dodecy!
S-D-glucopyranoside) and non-Newtonian (xanthan guan)$ were shown to proceed with a
time-dependent power-law dependence of ~ 0.50 @h@B(Tanner’s law) in the inertial and
viscous regimes of spreading, respectively. Howevatemdroplets stabilized by saporfin
aescin were shown to accelerate droplet spreaditigeimnertial regime with a depreciating
time-dependent power-law of 1.05 and 0.61, evelytexhibiting a power-law dependence of
~ 0.10 in the viscous regime of spreading. The &catdd rate of spreading is attributed to the
potential energy as the interfacial film yieldsveedl as relaxation of the crumpled interfacial
film during spreading. Even though the strongly wtaslm ruptures to promote droplet
spreading, interfacial elasticity is retained erdiag the dampening of droplet oscillations

following detachment from the dispensing capillary.



I ntroduction

Spreading droplets are important in many industnekiding paints, coatings, agrochemicals

and lubrication to name just a féW.he energy associated with a droplet spreading soiid
in air is given by,—Z—j =V¥s/c — (Ys/L + Yi/6), Where {y) is the interfacial tension between

three phases, S = solid, L = liquid and G = gafhiecombined with the weklnown Young’s

equation €os 6 = W), the energy associated with droplet spreading yield
L/G
aG
- = Y1/6(cosf — 1) = 0. (1)

Droplet spreading in air has been extensively stifdind several models including Tanner
(Eg. 2§, Seaver and Befgand de Genneshave been proposed to describe the droplet
spreading dynamics. Tanner’s spreading theory is widely reported for viscous liquids spreading

on hydrophilic surfaces, with the hydrodynamic spieg radius (r) dependent on the initial
droplet radiusk’, the surface tensign the fluid viscosity 4, and the spreading tinie®t

T (y_t)1/10. )
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While most fluids can reasonably be describedTayner’s law, Sawicki et al. showed
discrepancies for low viscosity poly(dimethyl siloed (PDMS) oils. Such divergence was
suggested to relate to the interfacial viscositingesignificantly lower than the bulk fluid

viscosity, resulting from differences in molecular otagion at the interface.

The dynamics of inviscid droplet spreading exhibibtdistinct regimes; the first phase of
spreading is commonly termed inertial spreading pnogresses at a rate ofrt%5, 89 while
the second phase is described as viscous spreauihie three-phase contact line moves as a

function of r~t%1 i.e. Tanner’s law. The viscous regime is limited by droplet viscoSitwith



the characteristic time of spreading (Eq. 3) usedescibe the transition from inertial to

viscous spreadin§

1/8
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wherep is the droplet density.

Table 1 summarizes the effect of several fluid and sanf@operties on the spreading dynamics

of mostly inviscid dropletdn addition to those commonly studied propertiesreéhare many
other factors that have been shown to influenceaslimg dynamics including drop shape
surface roughne&% temperaturé14 complex and soft surfacés®, electro-wetting’*2 and
droplet impact velocity?

Table 1. The effect of physicochemical properties ensfireading dynamics of droplets. The

spreading exponents in the inertial and viscousnreg are represented as and n”,
respectively.

Parameter | Impact on spreading Spreading exponent
Fluid General observation: n”~0.15, u =115 1120 mPa.§
. it Increased viscosity n ~0.5 u=110.7 mPa.g°
vViscosity decreases the droplet n' ~0.5thenh~0.1, p = - 1000 mPa.&°
(droplet) spreading rate. 0.3<1<0.5then 0.1 <'n<0.125, u = 1 60.1
mPa.s*!

0.1<1¥<0.2, u =355 109 mPa.¢°

n ~0.5thenh ~0.1, 4 = 1 1412 mPa.%

0.12 <1 <0.18, u = 1.34 50000 mPa.$’

0.030 < h< 0.085 then 0.073 <'rx 0.109, u = 20

—1150 mPa.$*
Surface General observation: n=056=0-11%8°
wettability Agueous droplets on n ~ 0.5 then 0.06 <"n< 0.1, = 0—50° 2
hydrophilic (water-wet) | 0.25 < n<0.5,0 = 30— 180, 3— 180 %
surfaces- reduced 0.3<n<0.5thenh~0.1,§ =0- 112

substrate hydrophilicity | i ~0.5,0 =0- 119 25

decreases the droplet 0.1437 < h< 0.27850 = 0- 36.8 26
spreading rate.
Initial drop | General observation: 0.5<ri<1then0.1<’h<0.2,R’ 0.37-0.82 mn?
Droplets with a size below n’ ~ 0.5,R’ 0.22— 0.78 mn?°

Size the capillary length sprea| n’ ~ 0.5 then i~ 0.1,R’ 1.2— 2.7 mm°
ataraten” ~ 0.1. 0.44 <n<0.53,R’ 0.5- 1.2 mn?!
0.14 < <0.2,R’ 10 pm— 2.5 mm*®
R’ = radius 0.073 <1 <0.141R 1.24— 1.34 mn?*

0.1 <1 <0.13,R’ 0.57— 1.51 mm'?




Surface General observation: TS0.16 <A< 1, AOTH ~0.1%

tension Decrease in surface 0.001 < fi < 0.06%
tension increases droplet| 0.053 < i < 0.092°
spreading rate. pure liquids h~ 0.5 then h~0.1,%

surfactant h~ 0.5 then h< 0.1%

Using surfactants either: | 0.053 < f{ < 0.13°

a) increase spreading | TS 0.015 < h< 0.23 then 0.38 <’r< 0.58%
dynamics (trisiloxanes 0.099 < A < 0.137%*

(TS)) or b) decrease
spreading dynamics
(docusate (AOT), CTAB,
SDS).

Of particular interest in the current study is the dbation from surface elasticity which can
be influenced by surface active species partitigrinthe liquid-liquid interfacé-®* To the
authors’ knowledge, interfacial effects on the spreading dynamics of droplets are rarely
explored except for surfactant systems, with pamicdbcus given to changes in surface
tension. Generally, surfactants reduce the equilibtibree-phase contact angle and increase
the solid-liquid contact area. However, the rate optht spreading is slightly retarded as the
creation of new interfacial area is significantlyteaghan the diffusion transport of surfactants
to the interfacé® hence surface tension gradients are establishedgddroplet spreading

leading to Marangoni flow%.

However, few studies have considered the influerfceudace shear elasticity on droplet
spreading dynamics. Leiske et al. considered treribution of surface elasticity on the
mobility of droplets residing on a sliding substrételhe authors selected four insoluble
surfactants to produce varying degrees of surfacéi@tgsasthe insoluble nature of these
surfactants was determinant property to generate surface shear etgstidhe authors
evidenced that the motion of a droplet on a sliddngstrate was influenced by the surface
shear elasticity and not solely by the surfaceitensFor the most rigid interface the authors
observed compression of the droplet interface heddrmation of an interfacial skin which

eventually ruptured to promote droplet spreading.



To advance our understanding of the effects of int&farheology on droplet spreading
dynamics, in the current stud§saescin was chosen as an interfacial rheology nevdifihe
molecular structure op-aescin (Fig. 1) is highly polycyclic and favorsetifiormation of
strongly elastic films at the air-water interfa@@elhe research objective was to assess the

contribution of interfacial shear elasticity on drappreading dynamics.

Materials and Experimental M ethods

Saponinp-aescin (purity 95 %, Mw 1101.2 g/mol) a triterpenoidnodesmosidic glycoside,
was purchased from MP Biomedicals (UK). A non-iorsarfactant, N-Dodecyls-D-
glucopyranoside (DG) (purity 98 %, Mw 320 g/mol), anaitken gum (XG) (Mw 4.5MDa)
were purchased from Sigma Aldrich (UK). Silicon wafersrevused as the wetting substrate
and were purchased from Silicon Valley MicroelectesniUSA). The properties of the silicon
wafers were: Type P, dopant: boron, orientation <l@@sistivity 10— 20 ohm.cm and
thickness 525 + 25 um. Ultrapure Milli-Q water was used in all experimentshaa minimum
resistivity of 18.2 MQ-cm. Ethanol (purity 99.96% A.C.S. grade, VWR) and PDMS &Alf

Aesar, USA) with a nominal viscosity of 1000 mPa- senesed as received.
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Figure 1. General molecular structure of f-aescin.



Surface tension: The dynamic surface tension of a droplet was measusing a pendant
droplet analyzer (Theta T200, Biolin Scientific, Swedéngroplet of ~8 UL was generated at
the blunt tip of'a 22 G stainless steel (SS) needle at 2 pul./s using an automatic dispenser. Prior

to each measurement, the SS needle was cleanegaikanol and dried with nitrogen. The
surface tension was determined from droplet shapkysis, with the Theta software executing
an edge-detection routine. TRe&escin concentration in Milli-Q water was variedvietn 5

x 10°wt% and 0.5 wt%. The surface tension was measurédd8 h to ensure that the steady-
state condition was attain€bhe influence of droplet evaporation was minimizgdrzreasing
the relative humidity in the quartz cuvette and isgathe measurement cell using Parafilm.
Small changes in the droplet volume were also cosgted by activating the automatic
evaporation tool in the Theta software. The feedbagg Ensured that the droplet volume was

maintained by automatically injecting fluid wherettiroplet volume diverged by 1 %.

Prior to generating the water droplet, the imagingvaof was triggered to capture the initial

adsorption dynamics. For surface tension measurertienitfiage capture rate was set to 2 fps.

Droplet spreading: Even though the Theta tensiometer had a maximumefrate of 2,500
fps, the frame rate was too slow to fully capture die¢ail of inviscid droplet spreading.
Therefore, a high speed camera (Photron FASTCAM SABiréh Ltd., Japan) was used to
record droplet spreading at 10,000 fps. The highdspamera was positioned perpendicular to
the Theta tensiometer and slightly elevatedq<aBove the spreading surface. Two LED lights
were positioned in front of the quartz cuvette eitside of the camera to provide sufficient
illumination of the spreading dropletlO uL droplets were instantaneously produced at the
blunt-tip of a 22 G SS needle. The needle tip wastipned 55 mm from the spreading
substrate, with the droplet apex (lower edge) ~ 3.5 mam the spreading substrate. Depending
on the system, the droplet was held in position fprexdetermined time to ensure that the

interfacial properties (surface tension, surface rskekssticity) had approached near steady-



state. The droplet hold time for watefB4aescin was 5 min. Once the droplet had aged, the
droplet was lowered towards the underlying substrat® am/min whilst remaining attached

to the SS needle. The rate of droplet approach (@uh7s) was maintained beyond droplet
contact with the spreading substrate. Since draplietading occurred over a few hundredths
of a second, this mechanical motion had little effactthe spreading rate, and the droplet
always detached from the SS needle during spreadihg. cadptured images were analysed
using ImageJ software to measure the droplet spreadiageter and droplet height
(centreline) as a function of time. Prior to each mesmment, the silicon wafers were cleaned
by soaking the substrates in Piranha solution fortBdrpughly rinsing with Milli-Q water and

dried with nitrogen.

Fluid and interfacial shear rheology: The viscosity of3-aescin solutions and the interfacial
shear rheology of the air-water interface were mesisusing a Discovery Hybrid Rheometer
(DHR-2) (TA Instruments, UK).Equivalent -aescin concentrations as those discussed for
surface tension measurements were considered.ofloewtric cylinder geometry was used to
measure the viscosity of tifieaescin solutions, and the geometry was chosenrtionize the
surface area to volume ratio, thus ensuring that anyribution from interfacial rheologgn

the bulk viscosity was negligible. The shear visgstcity of the airaqueous (water + 3-
aescin) interface was measured using the DoubléR¥ad (DWR) geometry. The method of
cleaning and set-up have been described in dessdivblere’® It should be noted that the
instrument was calibrated using precision mapping thiedbearing mode set to soft. The
geometry was positioned at the air-aqueous interéacl a pre-shear protocgl£€ 170 s for

3 min) initiated to ensure that the start conditioneach experiment remained constant. The
time-dependent viscoelasticity was measured bylaseg the DWR at constant strain, 0.05%
and constant frequency, 1 Hz. A strain dependenegwerified that the oscillation strain

remained in the linear viscoelastic region. The(elastic) andG” (viscous) moduli were



measured for 30 min and to minimize the effect of suleaporation a Teflon cap was placed

over the DWR Delrin trough. All rheology experimentsree completed at T = XT.

Results and Discussion

The spreading of water (inviscid) droplets is showfign 2. The wo distinct regimes can be
identified as inertial and viscous spreading, with exponent of spreading decreasing from
0.50 to 0.10, the latten good agreement with Tanner’s law. Using Eq. 3, the characteristic
time of spreading was calculated to bex 802 s, which identifies the onset of the transition
from inertial to viscous spreading, see Fig. 2. eBhrepeats are shown in Fig. 2 and confirm
good reproducibility of the spreading dynamics. Spheeading exponents for each experiment

are shown inset.
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Figure 2. Spreading dynamics of three water dropiktgosited on a hydrophilic silicon
Substrate.

Surfacetension: The dynamic surface tension of wates-eiescin was measured to determine
the minimum adsorption time required to reach stestdie. Fig. 3a shows the dependence of

B-aescin concentration on surface tension, with cainagons less than % 103 wt% resulting



in negligible changes to the surface tensigp, (.- = 72.3 mN/m). At concentration& 5 X

103 wt%, the surface tension was observed to progressivesiyedse with increasirfizaescin
concentrations up to 8 102 wt%. At higherB-aescin concentrations the adsorption dynamics
and apparent surface tension was independent géatmation, i.e. beyond the critical micelle

concentration (CMC) of B-aescin.

The apparent surface tension isotherm is shown @ Bb. Three additional B-aescin
concentrations were also measured such that the GMId be determined, CMC = 0.2 mM
(0.022 wt%), in reasonable agreement with the rang€MCs previously reportedy
Pekdemir et at? CMC = 0.78 mM and Stoyanov et&ICMC = 0.071 mM. The order of
magnitude difference in the reported CMC may resuwinfrdifferences in the molecular
composition and purity of the B-aescin, which is reasonable since f-aescin is a naturally sourced
product. The variability in reported CMC values miglgcabe attributed to a non-surface
tension brce. As will be discussed below, B-aescin forms strongly elastic interfaces and the
effect of the resulting deviatoric stresses can deftwrdtoplet, leading to apparent changes
in the measured surface tensf@ms such, we refer to the surface tension as an agparen

surface tension.

The slope of the apparent surface tension isothamrbg analysed using the Gibbs equation

%Ty =TIdIn C ) to determine the maximum adsorptionpeéescin ['may at the air-water

interface. In the Gibbs equatiof represents the excess solute per unit area attéréaice, R
the universal gas constant, T the temperatyrehe surface tension, and C the bulk
concentration ofi-aescin in Milli-Q water.I'maxfor p-aescin at the air-water interface was
calculated to be 6.52 10° mol/n?. From the surface excess the area per molecy)legA be
calculated usindl; = (1/6,4N4), Where M is Avogadro’s constant, hence, for the B-aescin

used in the current study the area per molecule w26 Onf. Stanimirova et at! used



molecular dynamics simulations to elucidateitherfacial ordering of B-aescin (air-water) and
showed two preferred orientations, i) lay-on configora(i.e. parallel to the interface) A
0.75 nm, and ii) end-on configuration (i.e. perpendicular toititerface) A~ 0.26 nM. The
latter configuration is in good agreement with thewated area per molecule, hence it is most

likely that the endbn configuration is the preferential orientation of f-aescin at the air-water

interface.
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Figure 3. a) Dynamic surface tension of water droplets with @ging concentrations -
aescin. b) Apparent equilibrium surface tensions as a function of the f-aescin concentration.

The apparent surface tension isotherm was fittedatdangmuir model ¥ =y, +

RTFmaxln(lJer)) with a coefficient of determination equal to 0.95 slightly better fit to the

experimental data was observed using the empiri@lrfelich isotherm which may suggest

that the adsorbed B-aescin film is slightly heterogeneous, although tias not been confirmed.

Fluid and interfacial shear rheology: The primary objective of this study was to isolate the
contribution of interfacial shear rheology on drapreading, hence a critical concentration
of B-aescin was first determined, such that the etfé@-aescin on interfacial rheology was

significant while changes to bulk fluid viscosityere negligible. The bulkiscosities of -



aescin solutions over the concentration rangel®* wt% to 0.5 wt% are shown in Fig. 4a.
At B-aescin concentrations 5 x 10° wt%, the fluid can be considered to behave as a
Newtonian fluid with a measured viscosity equal ttev. At highe-aescin concentrations
the fluid becomes non-Newtonian (shear thinning)hwitfluid viscosity slightly exceeding

water. For example, at a B-aescin concentration of 0.01 wt% and a shear raté af*4the

relative viscosity {—B) was increased by 12% and demonstrated weakly shaariniy
w

behaviour, power-law index&84. The degree of fluid shear thinning was shawimtrease
slightly at highe3-aescin concentrations, although the fluid rheolagpldyed little variation

at concentrations beyond the CMC.

While the exact shear rate during droplet spreadingti&nown, the shear rate (yo) at droplet

impact can be approximated fy = %, where JandDg are the droplet impact velocity and
0

droplet diameter, respectivel¥in the current study the droplet shear rate at impast-wa05
s'. Based on the relative differences in spreading andémelocities, it is expected that the
droplet shear rate during spreading greatly increadesce, the difference in viscosity
between Milli-Q water and the shear rate dependesgcbsity of 0.01 wt%p-aescin solution
can be considered negligible. To assess the impmtahequivalent shear thinning behavior
on droplet spreading dynamics, a comparative stushgu@nthan gum was also considered.
Xanthan gum was chosen due to its ability to stmectu solution and consequently affect the
bulk fluid viscosity while showing negligible suda activity (measured to be 71.5 miNup

to 0.05 wt%), thisnat affecting the interfacial shear rheology.

For equivalenp-aescin concentrations (bulk rheology), the sheaoeisistic properties of the
air-water interface were measured to elucidateithe-tiependent build-up of both the viscous
(G”) and elastic moduli§’). AtB-aescin concentrations lower thHax 103 wt%, the interface

remained purely viscous with no measurable elasticithis is in good agreement with the



negligible changes in air-water surface tensioroatfl-aescin concentrations (Fig. 3a), thus
suggesting sparse coverageledescin molecules at the air-water interface. Insingathef -
aescin concentration led to the onset of a measw@edduticity (c =5 x 103 wt%), while at
higher B-aescin concentrations strongly elastic interfaGlahs were formed and could be
considered solid-like (i.e5" > G ). The critical B-aescin concentration required to devedop
solid-like interfacial film was found to be 0.01%+t but this also corresponded to the onset of
a weakly shear thinning fluid, see Fig. 4a. Follogvthe pre-shear protocol, the aging time
required for the air-water interface to become solid-las less than 30 s (c = 0.01 wt%), and
became almost instantaneous (few seconds) at higher f-aescin concentrations. For 0.01 wt%
B-aescin in water, th&’/G” ratio at 5 min aging was ~ 10, confirming the stitgrgastic

nature of the formed interfacial film.

At 0.01 wt% B-aescin, even though the relative viscosity of b fluid had increased by
12% (compared to water at a shear rate of 40 & significant change in the interfacial shear
rheology was observed, transitioning from a purelyaiisc(water only at t = 0) to a solid-like
interface that was sufficiently strong to induceagparent interfacial yield stress ofl~7 x

10° Pa. The 2D yield point of the interfacial film sveneasured via an oscillation stress r&mp
(Fig. S1) following 5 min aging. The critical stressG’ = G~ was converted to an apparent
yield stress by including the interfacial film threikss (5 nm), which was taken to be equivalent

to a monolayer thickR® 43
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Figure 4. a) Fluid viscosity as a function of ffx@escin concentration. Lines represent the
rheology of water (solid), water + 5 wt% ethanol (ddftand water + 0.0025 wt% xanthan
gum solution (dashed). b) Interfacial she&ércoelasticity of B-aescin films at the air-water
interfaceasa function of the f-aescin concentration and interfacial aging timeei®@gymbols

= G’, closed symbols & . Oscillation rheology conducted using constantirsta 05 % and
constant frequency, 1 Hz. All experiments were corethiat T = 20C.

Droplet spreading: The spreading dynamics of inviscid droplets witheod with interfacial
shear elasticitthave been compared. The rheology data confirmed that the critical f-aescin
concentration to generate substantial interfaciahsketasticity but weakly modify the fluid
rheology was 0.01 wt%, hence this concentration wasidered for the comparison study
Fig. 5 is a series of images depicting the time-ddpenhspreading or pure water and water +
0.01 wt%p-aescin droplets. For a water droplet (Fig. 5a), ity contact with the spreading
substrate, rapid expansion of the contact area was\@aswith the three-phase contact line
moving at ~ 400 mm/gAs the droplet continues to spreadfluid ‘neck’ forms between the
spreading droplet and the fluid pinned at the fithe capillary. The fluid neck was observed
to rapidly thin, eventually destabilising to sepatatspreading droplet from the liquid pinned

at the tip of the dispensing capillary
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Figure 5. Timedependent sequence of a) water droplet and b) 0.01 wt% B-aescin droplet
spreading om hydrophilic silicon substrate. Droplet spreading tn(g) shown inset.

Fig. 5b shows a similar time sequence for th@&l wt% p-aescin droplet spreading on a
hydrophilic silicon substrate. The spreading droplgin detaches from the liquid retained at
the tip of the dispensing capillary, although itdear from the image sequence that the
formation of the fluid neck and eventual pinch-offiiéected by interfacial rigidity. Indeed,

the fluid neck exhibits less deformation than theepwater droplet, retaining an almost

cylindrical shape before eventually pinching-off ad #pex of the spreading droplet (t ~ 0.018

S).

The spreading dynamics of pure water and watef  wt% p-aescin are compared in Fig. 6.

Firstly, the spreading dynamics of both fluids exhibertial and viscous regimes. While the



spreading of water obeys the classical spreadingrexs, $°and -1, the water + 0.01 wt%
B-aescin droplet appears to exhibit two spreading e@ptsin the ‘conventional’ inertial
spreading regime. Between t = 0 and t x 50* s the droplet spreads with an exponéft, t
slightly reducing to an exponent 8t until the viscous spreading regime is reached had t
droplet continues to spread with an exponent-8f The spreading exponents for all fluids are
summarized in Table 2. Based on the measured spgeaxponentshe presence of f-aescin

at the air-water interface accelerates the rate ofi@ha@roplet spreading. To elucidate the
contribution of strong interfacial elasticity tocsterated spreading, three other fluids were
considered for comparison i) 5 wt% ethanol solutign).0015wt% glucopyranoside (DG)
solution, and iii) 0.0025 wt% xanthan gum (XG) smat The ethanol and DG fluids were
specifically chosen so that the surface tensionS¥asN/m at 20C, equivalent to the surface
tension of thé.01 wt% B-aescin solution. Both fluslvere purely viscous (shesrdependent
viscosity), although the DG surfactant was selettethimic the presence of surface active
molecules without developing interfacial shear ttdg. XG was selected at the specific
concentration to mimic the weakly shear thinning vereof the B-aescin solution (Fig. 4a)
with no interfacial shear elasticity. As shown ig.F6 and summarized in Table 2, all droplets,
except 3-aescin, were observed to spread with exponenisaqut to water. Hence, the slight
reduction in surface tension, increased fluid vigga@nd shear thinning behaviour of the fluid
were found to have minimal effect on the spreadingegpts, and thus the accelerated inertial

spreading of the water f~aescin droplet can be attributed to the stronglgted interface.
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Figure 6. Comparison of droplet spreading dynanmdbeé inertial and viscous regimes. The
droplet volume and the droplet-substrate approactcirgleemained constant 40 ulL and 10
mm/min, respectivelyThe B-aescin and DG droplets were aged for 5 min prionitating
droplet approach.

From Fig. 6, it can be seen at t =419 (first captured image of droplet spreading), thiaini
spreading diameters are equivalent for all drophath a purelyviscous interface (within
erron, but greatly exceed the initial spreading diamefethe water +0.01 wt% B-aescin
droplet. This variation highlights that the mechanisf droplet spreading is likely different
when the droplet interface is strongly elastic. Triterfacial shear rheology data confirmed
that the interface stabilized by -aescin exhibits a yield stress, which is ablentballly resist
droplet spreading upon droplet-substrate contact.d¥ew as the droplet continues to descend
towards tle substrate, the droplet becomes sufficiently deformed such that the B-aescin
stabilized interfacial film ruptures to initiate dropgpreading. This is in contrast to the droplets
whose interfaces are purely viscous and instanteshgspread when contacting the substrate.

Hence, the rate of droplet spreading is initially rezdrtly the yield stress interface but once



the interfacial film ruptures the droplet spreading riataccelerated compared to fluids with

no interfacial shear elasticity.

The contribution from the shear elastic interfacedooplet spreading is evidenced by the
interfacial crumpling att = 0.0025 s (Fig. 7), whnis induced by the negative curvature of the
droplet compressing the interfacial material. As suliirjing droplet spreading the elastic
interface drives minimization of the negative curvatand alleviates interfacial compression.
It is likely that this phenomemm combined with the potential energy liberatgdhe point of
interfacial film rupture contribute to the enhancetkraf droplet spreading in the inertial

regime.

Figure 7. Observed interfacial crumpling a 0.01 wt% B-aescin stabilized droplet during
spreading.



Table 2. Droplet spreading exponents in the ineatia viscous regimes.

Fluid Inertial regime Viscous regime

0.01 wt%p-aescin| 1.05+ 0.07 \ 0.61+ 0.02 | 0.11+ 0.009
Water 0.50+ 0.002 0.10+ 0.005
0.0015 wt% DG 0.52+ 0.010 0.11+ 0.005
5 wt% ethanol 0.51+ 0.001 0.11+ 0.008
0.0025 wt% XG 0.51+ 0.009 0.10+ 0.003

Droplet oscillations: Differences in the damped oscillations of detachegldts were also
observed. These oscillations can be modelled byingple damped oscillationA(t) =
Ayexp(—Bt) sin(wt + Yr), where A(t) is the droplet peak heighty the initial droplet height,

w the frequency of oscillation)y the phase shift angl the dampening coefficierit.

Fig. 8 compares the damped oscillation of water dteplithout and with 0.01 wt%-aescin
With the droplets detached from the dispensinglieapithe two data sets were superimposed
such that the minimum during the first oscillatiorcle was aligned (A(t) = 3.5 mm whent =
0.0075 s). With 0.01 wt%-aesin, the droplet oscillations were strongly dampedwshg
two oscillations within the measurement period coragao the minimum three oscillations
for the water-only droplet. Fitting the experimentatadto the oscillation damped model, the
dampening coefficients for water droplets without arith @.01 wt%p-aescin were 36 and 58,
respectively. The higher dampening coefficient for wat@r01 wt%p-aescin confirmed that
the interfacial shear elasticity was not completiipinished following rupture (yielding) of
the interfacial film (to initiate droplet spread)ngnd the interface remained sufficiently elastic
to dampen the bulk oscillation of the droplet. Bher the interfacial rheology data shown in
Fig. 4b, the interfacial elasticity during dropletespding is not thought to result from a rapidly
developing interfacial film, but instead from thaidual elasticity of the pre-formed film prior

to droplet spreading.
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Figure 8. Damped oscillations of detached dropetperimental data is shown by the symbols

and the damped oscillation model(¢) = Ayexp(—pt) sin(wt + 1)) represented by the
lines (solid and dash).

Free droplet spreading: To verify that the droplet-capillary attachment dat mfluence the
observed enhancement in inertial droplet spreadirgspneading experiments were repeated
for free droplets. Free droplets were generated using@@illary positioned 5.5 mm from
the spreading substrate, with droplets detached thentapillary by gently tapping the feed
tube to the dispensing capillary. Only droplets vaticularity greater than 0.8 at the point of
droplet-substrate contact were considered and amhalyéthout B-aescin, all droplets
demonstrated a power-law dependency in the regidhofinertial regime), with the rate of
spreading almost independent of the droplet visgasit surface tension (5 wt% ethanol, 1.5
x 10° wt% DG). However, the droplet spreading profile foater + p-aescin was more
complex (Fig. 9), a result of the apparent dropletagtirey prior to interfacial film rupture
(droplet deformation [maximum width / height] at t $Fg. 9b) and t = 3.% 102 (interfacial

film rupture) (Fig. 9c) was 0.83 and 1.28, respecyivelApplying the same analysis method



as previously described, t = 0 was defined as tts¢ dontact between the droplet and the
substrate. Without -aescin, all droplets exhibited no resistance teagling, hence the droplets
spread at a rat€ r 0.5. For the water + -aescin droplet, two decay profiles were observed
(boundary at t< 3.2 x 1073s, Fig. 9a). The slower droplet spreading in Regionak w
attributed to the balance of hydrodynamic forces aerfiacial rigidity, with the interfacial
elasticity retarding the outward expanding deformatibtine droplet. At = 3.2 x 1073 sthe
B-aescin film yields (droplet deformation = 1.28, Fg) and the droplet wets the substrate to
begin three-phase spreading. In Region Il the poawrdependency exceeds all other fluids
(n” = 0.734 0.02) again confirming that the shear interfacial elasticity of the B-aescin film

accelerates the inertial regime of droplet spreading.
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Figure 9.a) Spreading dynamics of free droplets (minimum drogkformation = 0.8). b)
Water +0.01 wt% B-aescin droplet at substrate contact (t = 0 s), drdpfieirmation (maximum
width / height) = 0.83. ¢) Maximum droplet deformatid..28) at interfacial film rupture



Conclusions

Accelerated droplet spreading in the inertial regime = 1.05, n’>= 0.61) resulted from the
yielding of a strongly elastic interfacial film. A coentration of 0.01 wt%-aescin was shown
to significantly increase the interfacial shear tt#tyg with minimal effect on the bulk fluid
(water) viscosity.p-aescin exhibited a molecular area of ~ 0.26% mith a preferential
orientation at the air-water interface being end-onfiguration. The high surface excess led
to the formation of a strongly elastic interface, with surface shear moduli of 0.57 Pa.m (G’) and
0.09 Pa.m (G”) after 1 min interfacial aging. The p-aescin stabilized water droplet could
significantly deform (degree of deformation = 1.28jdbe the interfacial film ruptured to
promote accelerated droplet spreading in the inertiahme. The residual interfacial elasticity
also damped the normal oscillations of a detachreglet, exhibiting only two oscillation

cycles as compared to more than three for water-only.

This research has demonstrated the ability to mdb#yinertial regime of droplet spreading
by controlling the interfacial shear rheology. Swaohtrol may have desirable implications in
many droplet-substrate applications. While the iakregime of droplet spreading can be
manipulated, a similar approach to modify the visamgsme of droplet spreading has not yet
been achieved, although one can foresee that suttolcosing surface active species could

be highly beneficial.
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Supplementary Information

Oscillation strain ramp of an air-water interfacebgdtaed by 0.01 wt% B-aescin following 5
min aging. The yield point was taken to be the crossover point of G’ and G” (indicated by the

arrow), Fig. S1.
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