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Optical investigation of a wavy ageing interface

C. Picard, L. Davoust

LEGI, BP 53, 38041 Grenoble Cedex 9, France

As anattemptto developa sensitivedevicefor biomoleculedetectiona micromechanicainethodologybasedon the rheologicalchange
of anair/waterinterfaceis putforward[1]. Capillarywavesinducedfrom theverticalelectrodynamiwibrationof abrimfull cylindricaltank,
filled with water,standasagoodwayto identify dilationalelasticityandviscosityof anageinginterface Of prior interestfor us,thecomplex
wave numberandthe frequencyof the wavesare obtainedthroughan optical techniquewhich allow usto recogniseaccuratelythe whole
interfacegeometry Thesewo parameterandamodelingbasedn adispersiorrelationarejointly usedto identify thedilationalrheologyof
the interfacd2]. The validity of the methodologys assessed making use of palméitd as surfactant.

Keywords: Wavy ageing interface; Optical investigation; Palmitic acid

1. Introduction ment. Unlike these widespread methods, which cannot fulfill
most of biological requirements, a non-intrusive technique,
Detection and characterization of biological material is based on small amounts of reactants and preventing from any
currently identified as a priority in biotechnology. Up to now external contamination, is proposed.
most attention has been focused on biocHi#}sin this pa- A small cylindrical tank filled with water is vertically
per, we present a drastically different technique based on theshaked. The standing cylindrical capillary waves so-excited
rheological properties of a functionalized air/water interface are responsible for the axi-symmetrical deformation of
to which biomolecules adsoft]. As a typical example,itis  the air/water interface which can be functionalized. The
worth evoking the hybridization of solubilized target-DNA- geometry of the deformed interface is able to change as
strands on receptor-DNA-strands initially adsorbed to a li- target molecules adsorb at the bio-functionalized air/water
pidic monolayer spread over an air/water interface. In that interface. Tow different optical techniques are developed to
configuration, the surface pressure of the interface is provedcharacterise the geometry modification. A refractometry-
to be sensitive to the hybridization procdd$ This paper based method allow us to rebuilt precisely the whole interface
aims at developing arheological diagnostic based on the elon-geometry whereas an interferometry-based method is de-
gation of a functionalized air/water interface and which is veloped to monitor continuously the surface elevation at the
expected to be more sensitive than a surface pressure meaeenter of the tank, where the surface remains horizontal dur-
surement, alone. ing its vertical motion. The first technique operates only for
Surface rheology measurements are usually carried outvery slow geometry evolution, whereas the second one can
thanks to intrusive techniques, such as Stokes drag based dedetect fast changes of the surface elevation. Therefore, both
vices[5] or Taylor—Couette viscometer for shearing parame- techniques are complementary. Interferometry is convenient
ters determination, while pulsed drds$ or traveling waves  for concrete applications such as bio-molecule detection, but
systems are regularly used for dilational elasticity measure- not sufficient for fundamental studies such as rheology identi-
fication, which needs an accurate recognition of the interface
geometry carried out with refractometry. The interferometry
method, not described here, will be the focus of another
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Considering waves, whose amplitude is sufficiently small, inward-traveling waves:
the liquid motion is described by the linearized Navier—
Stokes equations. Wave number and damping coefficient ap-
pearing in the solution of the hydrodynamics equations are
experimentally determined from the proposed setup. The nor-
mal component of momentum balance at the interface and th
dispersion relation for cylindrical standing waves are then

Ju(kr) = HO(kr) + HO (kr). (6)

Let x and 8 represent the wave number and the damping
coefficient. The complex wave numbeand the numbein
€are defined by:

jointly used to identify the surface tension and the elasticity k = « + ig, 7
modulus without any assumption on the dilational viscosity i
value. m?2=k2+ L and 9e(m) > 0. 8)

Since the velocity components at the surfagganduv,;

2. Hydrodynamic theory are defined as Lagrangian derivatives of radial displacetnent
and vertical displacementf a surface particle, one obtains:
2.1. Nearly standing waves
Ups = J1(kr) €' (kA €° — imB ") = § (9)
We consider the limiting case of a free surface between ot
a gas phase and an aqueous phase, contained in a cylin- _ ) a
drical tank. The interface, limited by the radius circular ~ Ves = Jo(kr) € (kB €"* — kA &) = e (10)
tank pin-edge, is deformed by nearly standing ripples gen- ] ) ]
erated by vibrating the tank in the vertical directiriThe Consequently the radial and vertical displacements of the
liquid fills the half-space. < 0. The interface at rest corre- ~ Surface are:
sponds to the plane = 0 and the pressure acting upon it ikA +mB ot
from both phases is the ambient presspgeConsidering an §= _Th(kr) e, 11
axi-symmetrical deformation, the velocity and the pressure B — ikA
of the liquid depend only on the radiaand verticak coordi- .= 7110(/“) gt (12)

nates. Solution of the linearized Navier—Stokes equations for

propagating cylindrical waves is largely described inthe liter- ~ The pressure at the surface writes therefore:

ature ([2,7,8]). As mentioned by Saylor et[&l], so-supplied

nearly standing waves can be seen as the superimposition op; = po — (%(kB — ikA) + i,oa)A) Jo(kr) €. (13)
damped inward-traveling waves and damped outward travel- @
ing waves whose amplitude is the same at 0. Therefore,
solution for nearly standing ripples is easily established fol-
'OWi”Q the_ analytical deve!OPment by 89{37‘] for damped 2.2.1. Momentum balance and dispersion relation

traveling ripples. We consider the velocity components and — », jnerfacial infinitesimal area is submitted to stresses

t_he pressure, written, accqrdmg to the Helmotz_ decomposi- ¢, the liquid and stresses intrinsic to the interface if gaz,
tion, in terms of the potential and streamy functions:

2.2. Surface rheology characterization

located above, is seen as a neutral phase. Hence the normal

dp oY component of the momentum balance, at the interface, writes
V= —— — —, Q) as:
or 0z :
dp  1a(ry) o0 |:r 3{] v,
__ %, 2 ——|r2=po—p+2u = 14
v, P ma (2) o || = PO P Mazzzo (14)
o n g 3) And the tangential component of the momentum balance
p=Pro—pszTp or’ tangential at the interface writes as:
wherep is the water density ang the gravity acceleration. d [13(r¢) v, v,
The potential and stream functions, characterising the nearly® alr o |7 oz o : (15)
standing ripples of interest, can be expressed as: =0 =0
oz o Here, 1 is the water viscosityy the surface tension of the
¢ = AJo(kr) €™ €, “4) interface, and = ¢4 + iwnq is the surface elasticity modulus
W = iBJ1(kr) € got (5) with €q andnq which are referred to as the dilational elasticity

and the dilational viscosity. If we substitute the relati¢@s
where,Jp andJ; are the first-kind Bessel function of the ze- (10) and (13)in (14) and (15)and make use of recursion
roth order and of the first order, respectively. These functions relations between Bessel functions and their derivatives, we
are the sum of Hankel functions of the first kind and sec- find the same relations as Lucassen-Reynders and Lucassen
ond kind used respectively to describe outward-traveling and [2,7]: for the normal stresses,



) pw? Thus, oncé andw are known, it is possible to determine
iAlo——z + 2in X + 2 kz + B (‘7+2’“ +kz) =0 the surface tension, which is next substituted into the dis-
persion relatior{18) so as to obtain the elasticity modukis

(16)
2 2 2
and for the tangential stresses. = pk —m) . (26)
2 ) pw?k — iuk?(k +m) — pgk? — ok* — ma)k+’”
+m
A 2i —1iB j = 17 . . . .
(ke + 2ipw) — i (mg . ) 0 (17) In this way, neither supplementary assumption on dila-

tional viscosity value nor tedious minimization techniques

The dispersion relation, obtained frofh6) and (17)by are needed to identify ande

equating the determinant of the coefficientsAdofind B to
zero, is proposed with a similar form as the one chosen in

[2]: 2.3. Determination of the complex wave number
X 42 2.3.1. Approximation SR < 1
(8 + i/w)+2m> (" T ink + m) + rs _ pw) Waves are not standing but nearly standing, because of
k k the damping effect which implies thatis a complex wave
5 mA 2 number. This means, as mentioned by Saylor €4l that
= TwH (1_ ;) . (18) waves behave more and more like inward-traveling waves
whenr increases and tends to the outer radius of the water
. . bath. The only point where the wave is truly a standing wave
2.2.2. f‘,g”’farfe t"’”sm’r and elag"‘”y ”(;Od”é”f is the center of the interface. There, the surface remains hor-
Define the complex numbey andsj by: izontal during its vertical displacement. Assuming tBatis
w2 sufficiently small, a very good approximation of the surface
sA = T3 + ZZM + k2’ (19) elevation can be proposed in order to simplify the determi-
nation of the wave numberand the damping coefficieist
SB 21,u 2 74 ﬁ (20) Using the following notations:
Using these notations, the normal component of the stress, _ kB — ikA @7)
balance at the interfagé6)is: 1) ’
iA(oc +54)+ B(o +sg) =0. 21 kB — ikA
(0 +54) + B(o +55) (21) ¢=arg< : ) 28
Separating the real part and the imaginary part of this
equation, one obtains the following arithmetic equations: the elevation of the surface given E32) can be written:
B N — A3 =0, 22 .
B3Im(sp) + A(o + Ne(s4)) = 0. (23)

o _ Using the original definition of théy-Bessel function, one
A non-trivial solution can be found to the system formed gptains:

by (22) and (23), if the determinant formed by the coefficients
of A andB is equated to O. If we make use of the following

H . 1 T

notation: Jo((k +iB)r)y = = cos(krsin 6) ch(Br sin 6)

T
xx = Re(sx), yx = Jm(sx), —i sin(kr sin 6) sh(Br sin 0) do. (30)
the determinant is: AssumingBR « 1 one finds:
62+ (xg 4+ xA)0 4+ xaxp + yayg =0, (24)

17 . . .
from which one selects the physical roots: Jo((x +ip)r) ~ p cos(krsin ) — ir sin 6

0
o= % <\/(XB ) — dypya — x5 — XA> _ (25) sin(cr sin 6) d = Jo(cr) — iBrJa(kr),
(31)
This relation is one of the main result of this paper. One

can show easily that when assessing the value iof this and the approximate surface elevation found to be:
way, the capillary waves are equivalently handled with the -
point of view of a potential viscous wavy flow. ¢ = o(Jolkr) — iprJa(kr)) €9 (32)



Consequently, the slope of the surface, which stands aswith the theoretical relatio(85). One points out that the value

the quantity of interest in this paper, writes: of Bis independent of the amplitude of the experimental sig-
o nal. Consequently, evenifthe gain of the device used to obtain
5= —cok(J1(kr) + iBrdo(kr)) €19, (33) the wave slope is unknowfican be calculated, assuming the

-

gain is constant. Substituting, « and 8, obtained with this
simple method, in the theoretical envel@d), leads to a very

2.3.2. Identificati . .
dentification process good agreement with the experimental data’s.

Our experiments are based on the same idea as the on
proposed by Saylor et d9]: the measurement of the wave
slope amplitude according to the radius. However, the im- .
provement proposed in this paper is based on the fact that our’> EXperimental setup
measurements are not carried out along a short distance awa)J/, o
from the center but along a complete diameter of the interface, > .- Vibrating reactor
5cm in length. The wave slope is thus measured with greater
accuracy, at the vicinity of the center where its amplitude is
maximum and where disturbances are minimized.

The wave slope envelope, making use of the approxima-
tion BR « 1, verifies:

The experiments are carried out using a cylindrical glass
tank whose outer diameter is 5 cm. It is mounted at the center
of a circular plexiglass plate supported by height springs at its
periphery. Three small solenoids are symmetrically attached
to the plate around the container. A home-made radial-field
P 222 magnet is adjusted around each solenoid. Three amplifiers
= Gok“(Jiler) + BroJg(kr)). (34) supply the solenoids. The three of them are supplied with the

same sinusoidal signal but the gain of each amplifier can be

The experimental wave slope envelope is then used to de-adjusted independently of the others so that the container is
termine the parametersand 8. Assuming that the radial  shaked exactly axi-symmetrically. The horizontality of the
coordinate of the minima of the envelope multiplydgqual  whole apparatus can be adjusted so that the container pin-

the roots of/1, we first determine the value efwhichleads  edge is exactly horizontal. The vibration frequency is tuned
to the closest match between the experimental minima andpetween 10 and 100 Hz (Fig. 1).

the roots of/1, using a least-square method. Ord®s been
obtained, the square of the slope envelop can be written:

%
or

%2
or

3.2. Scanning device
2
= 5 X(r) + ¢5B°Y (r) (35) A HeNe laser beam initially horizontal is driven to the
interface through a mirror placed under the container. This
with X andY two known functions of the radial coordinate. mirror is fixed on a motorized support which permits the
The parametety and 8 are calculated using again a least- motion of the mirror along a diameter of the tank. Therefore,
square minimization technique to fit the experimental points it is possible to scan the interface with the laser beam at any

Position Sensitive Detector (PSD) s

refractometer
lens focused on
\ the PSD
fixed mirrof—— ) \/\/\\/\J\/\/ o
a4 wavy interface
veriical == retardation ==—
arizati : . lales . . -
polarization  pinhole pid <« lens focused on the interface
plate
separating mobile mirror used to
cube scan the interface along
a diameter ol the tank:
* > lens focused mirror translation and
= A AP iy
horizontal on the APD signals acquisition are
polarization —— completely automated
plate

i Avalanche PhotoDiode (APD)
interferometer

Fig. 1. Schematic diagram of the experimental setup.



location along a diameter of the tank. A lens, also mounted
on the mobile support and placed between the mirror and
the container bottom, is used to focus conveniently the laser
beam onto the interface in order to obtain the best spatial
resolution even for very small capillary wave length.

3.3. Refractometry

A one-dimensional Position Sensitive Detector (PSD) is
mounted above the tank and aligned along with the mirror
motion direction. A lens is placed between the air/water in-
terface and the PSD at a distance equal to its focus length so
that whatever the location of the laser beam at the interface,
the refracted part of the laser beam will impact the PSD at a
location which depends only on the interface slope.
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Fig. 3. Evolution of the wave number vs. frequency in the case of a pure
water surface.

PSD signal acquisition so that as many locations as necessary

An automation program has been developed to control 5iong the radius can be characterized.
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4. Validation of the method

The validation stage presented here has been carried out
in order to exhibit the accuracy of the recognition process of
the surface slope and to point out the sensitivity to surface
contamination. The influence of the frequency is first investi-
gated in the case of a pure water surface. Then, the evolution
of the deformation of a surface contaminated by palmitic
acid is studied when varying the surface concentration at a
constant frequency. The sensitivity of the dilational rheology
according to surface concentration is also characterized. The
whole of the measurement have been conducted €23

Fig. 2 presents two typical plots of the wave slope enve-
lope according to the radius position for a pure water surface
shaked at two different frequencies. Similarly to the curve by

-3

x 10

Fig. 4. Wave slope amplitude against radius at 32 Hz when surface concen-

Fig. 2. Wave slope amplitude against radius for pure water surface shakedtration of palmitic acid increases, markers are experimental measurements
at 32 Hz (first figure) and at 79 Hz (second figure), dots are measurementsand lines are the model fit«) pure water, (o) = 4.6 x 107° molm2,

and lines model fit.

(¢) T =6.9%x 10~ molm2.
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lation (25) as shown inFig. 5. This method is not a direct
measurement of the surface tension but it is a non-intrusive
method giving an absolute value of the surface tension, which
stand for two non-negligible advantages. The dilational elas-
ticity obtained from relatior§26) is presented iffrig. 6.

5. Conclusion

A simple mathematical procedure ensures the determina-
tion of the elasticity modulusand the surface tensierfrom
non-intrusive measurements carried out on a functionalized
interface populated by nearly standing capillary waves. Such
a rheology characterization have rarely been performed, ex-
cept by Saylor et a[9]. Important improvements concerning
both the experimental setup and the dilational rheology iden-
tification are proposed so as to improve the accuracy of the
method, particularly by scanning the interface around its cen-
ter. A linearized form of the surface elevation is proposed in
order to make easier the wave slope recognition, neverthe-
less an identification method could improve this recognition
stage. The surface tensionis calculated through the solvability
condition for the coefficient$ andB in the real and imaginary
parts of the normal stress relation. Thanks to this relation, a
minimization method is not more necessary to obsa@mde.
More measurements have to be carried out to truly exhibit the
abilities of the method, especially with the characterization
of bio-molecules.
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