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A sessile drop tensiometer enhanced by video-image digitization is designed for the experimental
measurement of dynamic/advancing/receding contact angle. A collimated light beam passes through
the sessile drop of liquid and a silhouette of the drop is created. The equipment video images the
silhouette, digitizes the image, and locates the edge coordinates of the drop. A new technique,
replacing the classical selected plane method, is developed to obtain the values of capillary constant
and the radius of curvature at apex from the edge coordinates of digitized drop profile. Four
parameterglocation of apex, radius of curvature at apex, and the capillary constemntalculated

from the best fit between the edge coordinates and the theoretical curve obtained from the Laplace
equation. The contact angle is then obtained from the location of the air/solid interface and the
best-fitted sessile drop profile. By controlling the humidity of air phase surrounding the drop, this
technique can measure the advancing and receding contact angles and monitor the rate of advancing
and receding of the three-phase line simultaneously. This technique works well on contact angle
measurement for sessile drops with or without an equator. Preliminary studies on the dynamic
contact angle have been made for water drops on paraffin, polymethylmethecrylate, and glass. The
technique is capable of giving contact angle of 0.2° precision.1996 American Institute of
Physics[S0034-674806)04208-9

INTRODUCTION (i)  the difficulty of locating the contact point precisely
. . o . from the photograph or image;
Sessile drop tensiometry, enhanced by video-image digiti)  |ack of information for identifying the angle measured

tization, is one of the most popular techniques for measuring being advancing, equilibrium, receding, or neither of
the contact angle of fluid/fluid/solid or fluid/fluid/fluid inter- them.

faces now. This technique is capable for static and dynamic
contact angles and applicable to large and small angle me&kinner, Rotenberg, and Neumaramd Mooyet al.'® devel-
surements. Experimentally, it needs only small amounts oPped an axisymmetric drop shape analysis for measuring
liquid and requires only a few square millimeters of sub-contact angle. This method needs no information about the
strate. contact point, but more informatiaisuch as surface tension,
There are several technigues available for measuring thérop volume, and equatorial diameter or the diameter of

contact angleg.! The most commonly used method is that three-phase contact cirgles needed. Estimation of surface
measuringé directly for a drop of liquid resting on a flat tension and contact angle from the sessile drop shapes was
solid surface by placing a tangent at the contact point of thalso proposed by Huh and Réé@nd Rotenberg, Boruvka,
gas/liquid/solid interface. If a spherical shape is assumed, thend Neumann? This method avoids the first drawback
contact angle may be obtained using the so caltl stated above, but no information regarding the second one is
method? in which only the height of the sessile drop and thegiven. One more drawback for the method using the drop
diameter of the three-phase line are needed. Fitting three ghapes in Refs. 11 and 12 is that only the drop with an
five interfacial loci with a polynomial equation is also an- equator can be measured.
other convenient way to get the contact arigiehe Wil- In this work a video-enhanced sessile drop tensiometer
helmy slide techniqe and the video-enhanced plate was developed to measure the dynamic contact angle. From
method are suitable for the study of dynamic behavior of the relaxation of contact angle, the advancing and receding
contact angle. Regarding the methods applicable to advangontact angles are identified. The surface tension is also ob-
ing and receding contact angle, there are the captive bubbigined but may be not very precisely if the contact angle of
method) the dynamic contact angle analysis technifitiee  the sessile drop is small. Traditionally, the sessile drop
sessile drop on a tilting plate methéaind the tilting plate  method uses a selected plane techritieat requires only
technique’ the equatorial diametef, and the distancg, from the plane

~ The direct technique is the most obvious way of deteryyith the equator to the apex to determined the surface ten-
mining the contact angles from sessile drops. The accuracyion. The accuracy of this method is improved greatly with
of this technique is claimed to he2°. The major drawbacks  yigeo-image digitization. By this means, the interface loci of

of the direct technique are the drop are found and fitted with a theoretical interface pro-

file generated from the Laplace equation. The regression re-
dAuthor to whom correspondence should be addressed. sult therefore yields the optimum surface tension and contact
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angle. The success of the regression relies on a set of initial
values of parameter for the numerical methiedy., fourth-
order Runge—Kutta meth@dto find out the optimum con-
gruence between the experimental data and theoretical pro-
files. These parameters include the location of a)g»xZ,,
radius of curvature at apeRR,, and the capillary constant
B=ApgR3/y (yis surface tension The values oB andR,
from the classical selected plane technique wlitffandZ, of
sessile drop method are usually used as the initial guess ofl |
the numerical calculation if the liquid drop has an equator.‘| VT
Unfortunately, for the drop with contact angle which is
around or less than 90°, using the drop profile to obtain the g, 1. schematic of sessile drop tensiometry apparatus and the video digi-
more accurate contact angle is still not available. tization equipment. A: light source; B: pin hole, filter, and plano-convex
The aim of this article is to use the video-enhancedens; C: circulator; DA: D/A data translation card; B: thermostatic air cham-
sessile drop tensiometry to measure the dynamiciadvancinffs = & véeo samera; it humifer l: ity cetctr
receding contact angle for both types of sessile drops whichump; sv: solenoid valve; T: heater; TP: thermistor probe; VT: vibration-
have an equatdi®>90°) or have no equatq®<90°. Anew less table.
technique is developed to obtain the initial valuesBo&nd
R, when the sessile drops have no equator, and it also works
for drops having an equator. The idea comes from the modisists of an image forming and recording system, a drop form-
fied pendant drop method for the low interfacial tensioning system, an air thermostat and humidity system, and a
measuremertt In this method, two interfacial lodiP; and  video-image profile digitizer.
P, on the profile of drop in Fig. Bare selected to replace the The image forming and recording system consists of a
roles ofd, (equatorial diamet¢rand Z, (the distance from light source(a halogen lamp with constant light intensity;
the plane with the equator to the apex the classical tech- Oriel, QTH No. 63200, a lens system for producing a colli-
nigue. Note that the values & and R, obtained from this mated beam, an objective leteffective focal length 60 mm,
technique are more accurate if interfacial loci closer to thef/no. 7.1, a video recorde(VO-9600, Sony with frame
fluid—fluid—solid three-phase line are selected. This is becode generatofFCG-700, Sony and a solid-state video
cause the drop profiles of two different values of capillarycamera(MS-4030 CCD, Sierra, Scientific QdThe lens sys-
constantB (see Fig. 4 forR,=1) depart further from each tem consists of a plano-convex lens, a quartz ND filter, and a
other at interfacial loci further from the apex. A function of pinh0|e_ All these parts are installed on adjustab|e Stages
drop shapeX; (i=A; or Ay) is defined as the value /R, (with freedom ofXY Z, rotation, and tilting which are placed
of interfacial locusP; (j=1 or 2 in which X;/Z;=i. The  on a vibration isolated workstation.
selected points®; (with drop shape functiorX, ) and P, The drop forming system consists of a stainless-steel
(with drop shape functioiX, ) are unique at a specific value needle which is connected to the normally closed port of a
of capillary constant. The details of and howP, andP,  three-way miniature solenoid valveee Co) via 1/16 in. i.d.
are elected are described later. Teflon tubing. The common port of the valve is connected to
The unique features of the present method are: a gas-tight Hamilton syringe placed in a syringe pui8pge
. . . Instruments The valve is controlled by the output signal of
(i) It can nleasure_ gdvancmg and recedlng contz_ict angleé D/A data translation cardT 2801 installed on a personal
E]tgouosllir precision and surface tension simulta- computer. The video-image digitizéDT 2861 Arithmetic
(i)  anew technique is developed to evaluBtandR, to Frame Grabber, Data Translatjpalso installed on the com-

. uter, digitizes the picture into 480 ling&12 pixels and
improve the measurement of contact angle from th ; . . .

; : : ) assigns to each one a level of gray with 8 bit resolution. The
sessile drop profile for drops having no equator; and

(i) it can monitor the rate of advancing and receding OfmaX|mum rate with which an image can be digitized is

the three-phase line 1/30 s.
P ' The air thermostat and humidity system comprises an air

These unique features make it useful in the study of dynamichamber, an air fan, a heater, a cooling coiled copper pipe, a
behavior of liquid drops on a flat solid surface. It also has thehermistor probe, a humidifier, and a humidity detector. The
potential usage to measurements of contact angle and surfahamidifier and humidity detector are connected to the air
tension for drops of surfactant solutions spreading on a flathamber to increase and to monitor the humidity of the air
solid surface. inside the chamber. The air chamber is made of 1-cm-thick
polymethylmethacrylateeMMA) and the coiled copper pipe
is connected to a refrigerated circulator outside the air cham-
ber. A personal computer collects the temperature from the
A schematic diagram of the video-image enhancedhermistor probe via a thermometer and controls a power
sessile drop tensiometer is given in Fig. 1. The equipment isupplier(with a PID controt®) which is connected with the
used to create a silhouette of a sessile drop, to video imadeeat generator. The temperature stability of the air thermostat
the silhouette, and to digitize the image. The equipment conis better than+0.1 K.

CONSTRUCTION PRINCIPLES
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the edge location determination from digitized image profile.
where v is the interfacial tensionR; and R, are the two
IMAGE ACQUISITION AND DATA PROCESSING principal radii of curvature of the interface, adP is the
An edge detection routine is devised to locate the interpressure difference across the interface. For the sessile drop
face contour from the digitized image, and a calibration pro-geometry, Eq(1) can be recast as a set of three first-order
cedure using stainless-steel balls.577-0.002 mm and differential equations for the spatial positiorsand z and
1.983+0.002 mm, calibrated by a digital linear gauge, PDN-turning angle¢ of the interface as a function of the arc
12N, Ozaki Mfg. Co) is applied to determine the length length s (see Fig. 3 Using the dimensionless variables
between pixels along a row and along a column. The calix’ =x/Ry, z' =2/R,, ands’ =s/Ry, the first-order equations
bration procedure yields values of 100.86 pixels/mm hori-have the following form?
zontally and 124.56 pixels/mm vertically. d n
Figure 2 is an example of the original image of a sessile —~ —p41Bz/———,
liquid drop. According to the digitized image, the gray level X

changes from the dark insid@ leve) to the bright outside dx’

(255 leve) in a few pixels, as shown in Fig. 2. This change @:COS ®, 2
is continuous and symmetric around 127.5, and therefore the

edge is defined as theor z position for the interpolated line dz’

corresponding to intensity 127.5. The location procedure is @Ism @,

performed in the coordinate direction, in which the normal to

the surface has the larger compon¥rithus, near the apex Where B is the capillary constant and is defined by

the edge location is done along thelirection, while near the  (ApgR3/y), and Ap is the density difference between the

sides of the drop it is done along thedirection. fluid phases and is the gravitational acceleration constant.
The experimental protocol was as follows: The solid ob-The equations are subject to the boundary conditions

ject was initially placed on the stage in the air thermostat an&’ (0)=2"(0)= ¢(0)=0. Equation(2) was integrated by us-

was leveled by adjusting the stage. The humidity in chambeing a fourth-order Runge—Kutta schelmitialized with an

was increased by the humidifier and was kept around 95%@pproximate solutiof!

The water drop was then created on the solid surface using _,_ _,

X . x'=s',

the drop forming system. The moment of drop created is set

ast=0. Sequential digital images were then taken of the 2

drop, first at intervals of approximately 0.1 s and then laterin 2= —g [1~ ol VBX')], 3

intervals of the order of seconds. At 60 s, the humidifier

was turned off and the door of the air chamber was open. 2

The humidity outside the chamber was about 65%. The hu- ¢= J_— 1,(VBX'),

midity around the water drop was then decreases from 95 to

65 in about 20 min. All experiments were undertaken at 25.Qvhich is valid near the apex whegk<1. Herel ,(x) is the

+0.1 °C. After the contact angle relaxation was complete thenodified Bessel function of the first kind.

images were processed to determined the drop edge coordi- The contact angle is computed from the data of drop

nates. edge coordinates and the theoretical curve in the following
way. An objective function is defined as the sum of squares
ggggﬁgr ANGLE CALCULATED FROM THE DROP of the normal distancel,, between the measured points

and the calculated curve obtained from the integration of
The theoretical shape of the sessile drop is derived fronkg. (2) (i.e., E=3N_,[d,(u,,v)]? N is the total number of

the classical Laplace equation that relates the pressure diffeexperimental poinys The objective function depends on four

ence across a curved interface, unknown variables: the actual location of the ag&y and
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FIG. 5. Representative relationships ¢# capillary constantB vs
Xa, 1Xa, and () Xa,/Rg Vs Xp, /X4, A1=10 andA,=38.

FIG. 4. Sessile drop profiles calculated from E2). for different values of ) . .
capillary constanR,=1. data. By integrating Eq2) for different values oB, graphs

can be constructed & as a function oX./Z, andX./R, as

i ) a function of X./Z,. The best fit of the curves can be de-
Z,), the radius of curvature at the apRy, and the capillary  gqrineq by polynomial equations that are summarized in

constantB. To obtain the optimum congruence between theTabIe I. The values X, andZ, were obtained from the raw
theoretical curve and the data points, the objective functioraata S, B, Ry, and thereforey and 6 were then calculated
IS mln[ngci with r.e_spt_act. to the. four parameters Egs.(4) and(5) and the best-fit program. Two to five
(9E/99;=0,i=1-4). Minimization equations are solved by iterations are necessary for the program to converge, and the

applying directly the Newton—Raphson methSdihe con-  giandard deviation of the distance between a measured point
tact angled and surface tensiop can then be computed from and the calculated curve is about 0.1 pikell xm).

e e S e ot om0 fth drop hes nocley e contect ange &
setto bed 6, . whered s the turning angle of the intercept around or Iess_ than 90°the technlque described above QOes
. S? . : - . not work again. A new method is developed to obtain an
point between the theoretical sessile drop profile and airqc\rate initial guess fd andR, as follows: Two interfa-
;ohd interface andy, is th_e tiny tilting angle of t?e solid cial loci, Py=(X,,Z,) and P,=(X,,Z,), on the profile of
interface from the levelds is usually Ies§ than 0.2°. drop are selected from the raw data to replace the rol@s of
F_rom the data set there are approxmately 200-(@eo andX,. Here,X;,X, andZ,,Z, are the distances of the loci
pending on the drop volumeneasured goordlnates of the P, ,P, away from the apex of the drop inandz directions,
drop edge for each image of drop of different volume. To,oqhatively. Define a function of drop shapg as the
obtaind,, for each point, first a theoretical curve consisting . . . ! .
of 7000 points is generated, and thinis computed as the value of X;/R, of thg interfacial Ioc_usPl in where the ratio
of X{/Ry andZ,/Ry is equal toA; (i.e., X;/Z;=A,). Simi-

distance from the experimental point to the closest of th : . .
discrete theoretical points. Initial guesses for the Nevvtoniarly’ Xa, 1 the value X,/R, of point P, in where

Raphson procedure are obtained in the following wéyis ~ X2/Z2=Az. By integrating Eq(2) for different values oB,

initially guessed as the centroid of the 200—%0d6cation ~ 9raphs can be constructed Bfas a function ofXa, /Xa,,

data points, an®Z, as the average of the three highest andX,, /Rg as a function ofX, /X,,. Two typical curves

coordinates. Initial guesses fé&t, and B are obtained as are shown in Fig. 5 and the best fits of the curves can be

follows. described by polynomial equations that are summarized in
(i) If the contact angle of the sessile drop is much largefTable Il. As the values oA, ,A, are selectedP,, P,, Xy,

than 90°, the drop has a clear equay, the radius of the X, Z;, andZ, are known from the raw data, and theref@re

circle with the maximum diameter, ar#},, the distance be- andR, can be obtained. Three to seven iterations are neces-

tween the plane witlX, and the apex, are used widely for sary for the program to converge, and the standard deviation

finding B. The values oK, andZ, are obtained from the raw of the distance between a measured point and the calculated

TABLE I. Constants of polynomial equation relatiig) and X./Z, and relatingXJ/R, and X./Z, (0.1<B
<100).B=ay+ a;x+ax%+azx3, X/ Ry=by+byx+b,x? (x=X/Z,).

B X/ Zg a, a, a, as by b, b,

0.1-1 1.0220-1.1547 11.8176 —7.5811 157715 O 1.746 570.745844 0
1-10 1.1547-1.5566 —60.3507 156.189 —140.851  44.6799 2.03317#1.21635 0.19303
10-100 1.5566-2.1837—856.327 1574.7 —985.77 21299  2.05581-1.26435 0.214 365
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TABLE II. Constants of polynomial equation relatirg) and XAIIXAz and reIatingXAl/R0 and XA1/XAz
(0.05<B<5). B=ag+a;x+a’+asx’, Xa [Ro=bg+bix+byx* (x=Xa /Xa).

Ay Ay N a a; as bo by b,
14 12 —2236.76 2604.77 0 0 0.794 846 —0.732 872 0
12 10 —1364.42 1632.34 0 0 0.853 417 —0.784 096 0
10 8 —756.083 939.847 0 0 0.940 158 —0.862 697 0
8 6 —363.763 479.243 0 0 1.08041 —-0.996 187 0
6 4 584.402 —1869.47 1482.2 0 1.33746 —1.25779 0
4 3 777.432 —2093.06 1404.85 0 2.06981 —-1.87376 0
3 2 —16448.1 57496.3 —67108.9 26151.8 —3.84318 13.1556 —9.13274
25 2 —-7177.12 25260.1 —29706.2 11672 —1.652 24 8.468 70 —6.524 01

2 15 —2512.90 8758.01 —10214.3 3985.89 0.812 347 2.993 44—3.306 57
15 12 —438553 14060.8 —15059.8 5388.11 —0.118 389 5.92242 -5.059 29
12 10 -5866.50 17984.6 —18406.7 6289.13 0.974 026 4.597 56—4.646 48
1.0 09 -—21833.8 65663.3 —65861.6 22031.9 1.41521 7.15389-7.528 78
09 0.8 -—7603.63 230317 —23264.7 7836.33 —14.3971 —18.7314 5.461 63

curve is usually less than 0.1 pixet1 um). Note that there relaxation of surface tension for five sessile drops of water
are many setsA;,A,) which can be used to obtain the val- on paraffin is shown in Fig. 7 and the accuracy is worse than
ues ofB andR,. As mentioned in Sec. I, more accur&e  the pendant drop techniqdé.

andR, can be obtained when points closer to the solid sur- Figure 8 shows a similar result for the PMMA solid.

face are selected. Both drop volume and contact angle keep nearly constant at
the first 60 s, then decreases due to evaporation of water. The
PERFORMANCE change of volume at small is slow, the contact angle is

The present method allows one to measure the dynamidyearly constant and is the receding contact angle. The data in
advancing/receding contact angle and the surfacerfa-
cial) tension simultaneously for sessile drops with/without
equatorial diameters. The accuracy of surface tension be-
comes worse as the contact angle of sessile drop is smaller. 110 | 10
The accuracy of the measurement of advancing/receding ] R
contact angle was examined by testing the contact angle of
pure water drops on the surfaces of paraffin film, PMMA,
and cover glass at 25#D.1 °C. PMMA and cover glass
were purchased from Fisher Scientific Co. Paraffin was ob- 6
tained from American National Can. The water used in all
experiments was purified via a Barnstead NANOpure 1l wa- 100-
ter purification system. The output water has a specific con- .
ductance less than 0.05/S/cm. The value of the surface
tension of air/water interface is 72t@.1 mN/m at 25.0
+0.1 °C, examined using a video-enhanced pendant drop 95
tensiometry'® The humidity inside the air chamber is con- @)
trolled and dependent on time as follows: The humidity of is
kept larger than 95% at the beginning 60 s and then goes 110 10
down to 65% in about 20 min, so, the volume of the sessile
drop decreases with time due to the evaporation of water.
The contact angle and drop volume of pure water on the
paraffin film are plotted in Fig. 6. The volume keeps nearly 105+
constant at the beginning 60 s and then decreases with time.
The humidifier was turned off and the door of the air cham-
ber was open after the sessile drop was created for 60 s. The 1 ‘1
data in Fig. 6 indicate that the contact angle varies very little 00
for the beginning 60 s and it is equal to the advancing con-
tact angle in the literature. The contact angle is then de-
creases due to the evaporation of water of sessile drop. Fig-
ure 6a) is replotted in Fig. &) in where the time of the last 1 10 _ 100 1000
data point in Fig. 6) is set to be zero time (o)

* _ o t— :
(" =liast data poinit L 0). The change of volume at large time FIG. 6. Experimental values of dynamic contact angle and drop volume for

. int =~
('-?-' at smallt*) IS slow, and the Con_taCt angle becomesyre water on the paraffin surface plotted as a functiofaciime after drop
fairly constant and is close to the receding contact angle. Thieing created antb) t*.

105 1
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from the sessile drop profiles for pure water on the paraffin surface. Each
symbol represents a separate sessile drop.

the first 60 s are examined in detail and are replotted in Fig.
9. The variation of volume is less than 0.5% in the first 60 s
and this variation is more likely from the error of volume
calculation from the best-fit sessile drop profiles. The contact
angle keeps at 79.9° for the fir8 s and then decreases
slowly for 0.45° for next 60 s. The drop volume at sntdll
changes very little, the contact angleta& 60 s varies less
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FIG. 9. Dynamic contact angle and drop volume for pure water on the
PMMA surface plotted as a function of time at sm@) t and (b) t*.

than 1°, and the receding contact angle is equal to 46.0°. The
three-phase line is a circle for the sessile drop. The diameter
of the three-phase contact circle was calculated from the dis-
tance of the two contact points of the best-fit drop profile
from the drop image and plotted as a function of time in Fig.
10. The diameter of the three-phase contact cidiein-
creases slowly for the first 60 s in where the humidity inside
the air chamber is around 95%. So, at the first 60 s water
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FIG. 8. Experimental values of dynamic contact angle and drop volume folFIG. 10. Experimental values of diameter of the circle of the three-phase

pure water on the PMMA surface plotted as a functioriaptime after drop
being created antb) t*.
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line for pure water on the PMMA surface plotted as a function of time at
small(a) t and(b) t*.
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(1) This video-enhanced sessile drop tensiometer is an effec-
tive tool for the measurement of the dynamic/advancing/
receding contact angle; using this feature, we success-
fully demonstrated the relaxation of contact angle, drop
volume, and diameter of the three-phase contact circle;

(2) with this system one is able to monitor the contact angle

27-
and surface tension simultaneously;
0 (3) the contact angles obtained from curve fitting are ex-
pected to have greater accuracy than those direct mea-
21+ surements;

(4) this system is suitable for the study of dynamic wetting
behavior, such as the behavior of a sessile drop of sur-
factant solution onto a solid surface or a pure liquid drop

T onto a solid surface that is soluble into the liquid phase

10 100 1000
t (s) of the droplet.

O
15 T
0.1 1

FIG. 11. Experimental values of dynamic contact angle for pure water on
cover glass plotted as a function @) time after drop being created and ACKNOWLEDGMENT
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does advance part of the way across the solid surface and the
angle measured is, as defined, the advancing contact angle. A V(\)( Aﬁamson,Physical Chemistry of Surface@Viley, New York,
e : : 1990, Chap. 10, p. 389.
similar .ana!ySIS was also done for the re(iedlng contact angle\"‘FACE Contact Angle Meter, model CA-Z, Kyowa Interface Sci. Co.,
shown in Figs. &), 9_(b), find 10. At smalt™, the yolume of Tokyo, Japan.
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