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For measurements  o f  viscoelastic properties of  monolayer  covered interfaces, the longitudinal wave 
technique is used. The longitudinal wave is generated in the plane o f  the interface, using a horizontal 
oscillating barrier. The  wave propagation depends on the values o f  the viscoelastic parameters  of  the 
monolayer.  The present paper deals with a new method  of  determining the wave parameters.  Using 
small tracer particles, the displacement  of  the monolayer,  as a funct ion o f  the distance to the oscillating 
barrier, is made  visible and recorded by video cameras.  From these recordings the wave parameters 
and viscoelastic properties are evaluated, A comparison is made  between results obtained with this 
method  and those obtained from the measurements  o f  the varying surface tension. This latter me thod  
has until now normally been used to determine the wave parameters.  Results on cholesterol and  
decanoic acid monolayers  indicate that  both methods  lead to similar results within experimental  error. 
It is shown that in case of  reflected waves the combinat ion of  the results of  the two methods,  as 
described earlier by Crone et al., leads to significantly more  accurate values o f  the wave parameters.  

I N T R O D U C T I O N  

In the last decade much attention has been 
paid to the study of rheological properties of 
monolayer covered liquid surfaces (1). These 
properties are important in processes such as 
emulsification and foaming (food and petro- 
leum technology). They also are of vital im- 
portance to the understanding of the surfac- 
rant system of the lungs. 

Measurements of rheological properties 
(dilational elasticity and viscosity) can be 
performed with the aid of the longitudinal 
surface wave technique as developed by Lu- 
cassen and van den Tempel (2, 3). In the 
monolayer a longitudinal wave is generated 
(in the x direction) by an oscillating barrier 
(see Fig. 1). This wave is characterized by the 
propagation characteristics r and/3, i.e., the 
damping coefficient and the real wave num- 
ber. These characteristics depend upon the 
surface rheological properties and can be ob- 
tained from measurements of surface pres- 
sure It(x, t) or surface velocity v(x, t), which 
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both contain the factor exp(/3x - i(wt - Kx)) 
(w is the angular frequency). 7c(x, t) is usually 
measured with the Wilhelmy-plate technique 
and v(x, t) can be derived from recording of 
the displacement of small tracer particles 
placed on the surface (8, 4). Maru and Wasan 
(8) were the first who reported measurements 
using tracer particles. 

As indicated by Crone et al. (4) simulta- 
neous measurements of ~r(x, t) and v(x,  t) 
give rise to K and/3 values with a higher degree 
of accuracy than those obtained from mea- 
surements of either r(x, t) or v(x,  t). This is 
partly due to corrections derived from the 
simultaneous measurements concerning the 
imperfect transmission of the barrier motion 
to the surface. 

Crone et al. reported orienting measure- 
ments. Their work has been continued since. 
In particular improvements of the tracer par- 
ticle technique have been achieved; a video 
measuring system has been introduced. Re- 
sults of experiments on cholesterol and de- 
canoic acid monolayers are reported. 
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FIG. l. The Langmuir trough with osci|]ating barrier 
at x = O. M is the mono|ayer covered surface. 

M E T H O D  

The tracer particles. As tracer particles we 
used so-called Eccospheres (obtained from 
Emerson and Cumming Inc.). These are 
small hollow glass spheres with diameters 
ranging from 40 to 100 #m and a true density 
of  300 kg m -3. These particles must follow 
the surface motion without disturbing it. To 
show this, two effects have to be considered. 

First, as a particle is dragged on by the 
monolayer  surrounding it, inertial effects 
have to be estimated. Therefore, we consider 
the equation of  motion which reads. 

mO%/Ot = - k ( %  - v) [ 1] 

where m is the mass of  the tracer particle, k 
the friction coefficient, v the velocity of  the 
monolayer, and Vp the velocity of  the tracer 
particle. For sinusoidal motion Eq. [ 1 ] leads 
to 

vp = v(1/(1 + iwr)) [2] 

where r = m/k .  A value for k can be esti- 
mated from Stoke's law, taking into account 
that only one-third of  the particle is sub- 
merged in the water. For the tracer particles 
used we find r = 10 -3 sec. For the angular 
frequencies used in our experiments ~0r < 1, 
thus inertial effects are negligible. 

Second, as the particle is partially sub- 
merged in the water its amplitude will be 
somewhat smaller than that of  the surface 
and its movement  delayed, due to the ex- 
ponential velocity profile of  v(x, z, t) (see Fig. 
2), in the formula 

v(x, z, t) = v(x, t) exp(-nz) ,  

n = (1 + i)(~op/2n) 1/2. [3] 

The velocity vp(x, t) of  the tracer particle can 
be estimated using 

vp(x, t) = (1/At) --fa 
• I o 

v(x, t) 

× exp( -nz)b(z )dz  [4] 

where d is the height of  the submerged por- 
tion of the tracer particle, At the cross-sec- 
tional area from that part of  the tracer par- 
ticle (see Fig. 2), and b(z) the width of  the 
tracer particle at height z. Using polar co- 
ordinates, Eq. [4] can be rewritten as 

fo °° vp(x, t) = (1/At) v(x, t) 

× exp( -n(R cos ~ - Rs))R 2 sin 2 o~do~ [51 

where R is the radius of  the tracer particle, 
Rs = R - d, and So = arc cos (RJR)  (see Fig. 
2). From numerical evaluations, corrections 
concerning amplitude attenuation and phase 
shift can be calculated. For a tracer particle 
of  average size (R = 35 ~m), an attenuation 
of  2.5% and a phase shift of  0.019 rad are 
thus computed at the highest angular fre- 
quency used (~0 = 5.24 rad sec-l). Corrections 
for this effect have been applied throughout. 

A 
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I 
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FIG. 2. A tracer particle (radius R) in the mono laye r  covered surface (M). 
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FIG. 3. The experimental  set-up. M is the monolayer  
covered surface, B the barrier, T the tracer particle. CI 
and C2 are video cameras,  W the wiper unit,  VI the 
video interface, LSI is the microcomputer  with floppy 
disc (F) and display terminal  (D). VM is the video mon-  
itor showing two dots representing barrier (upper dot) 
and tracer particle (lower dot) movement .  

Videotechnique. The displacement of the 
particles is recorded with a video camera C1 
(see Fig. 3). This camera can be positioned 
at any point above the surface. 

In order to obtain the necessary contrast 
between tracer particle and background, dark- 
field illumination is applied (5). The displace- 
ment of the barrier is recorded with camera 
C2. The picture of camera C2 is inserted in 
the picture of camera C 1 using a wiper unit 
(Sony CMW-110CE). This has been done in 
such a way that the resulting picture on the 
monitor shows two white dots, moving in 
parallel to the TV-scan lines, in the upper 
part and lower part of the screen, respectively 
(see Fig. 3). 

The wiper output is also fed into the VMS 
(Video Measuring System). The VMS con- 
sists of a computer-controlled video interface 
(developed at the Twente University of Tech- 
nology (6)) and a DEC LSI-11 microcom- 
puter with floppy disc and display terminal 
(see Fig. 3). The video-interface discriminates 
the white dots from the gray background. A 
computer program, executed by the LSI-11, 
indicates to the video-interface two picture 
lines coinciding with the movement of the 
respective dots. The positions of the dots are 
measured on these so-called measuring lines. 
The video-interface interrupts the computer 
program to fetch the measured positions and 
to store them on floppy-disc. An off-line pro- 

gram processes the stored positions, resulting 
in estimations of amplitudes and phase an- 
gles of the movements of both barrier and 
tracer particle. 

The monolayer. A Teflon Langmuir trough 
(8 × 60 cm) was used. Measurements were 
performed on spread (cholesterol) as well as 
absorbed (decanoid acid) monolayers. The 
preparation of the monolayers and measure- 
ments of the surface pressure were performed 
as described earlier (4). The angular fre- 
quency of the oscillating barrier could be ad- 
justed to 1.05, 2.62, or 5.24 tad sec -1, and 
the amplitude was fixed at 0.5 mm through- 
out. All experiments were performed at room 
temperature (21.0 + 0.5°C). 

RESULTS A N D  DISCUSSION 

The amplitude of a traveling wave de- 
creases exponentially with increasing value 
of x. The slope of the logarithmic plot of the 
amplitude versus x gives the value of/3. The 
value of K can be obtained from a linear plot 
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FIG. 4. Phase difference A~P (A) and  ampl i tude  
lnlvl (B) of  the surface velocity wave as a function of  x, 
obtained from a decanoic acid monolayer  (w = 2.62 rad 
sec -I, ~r = 18.10 -3 N m-l) .  
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of  the phase difference (Aq~) between the 
motion of  the tracer particle and x and the 
motion of  the barrier at x = 0:AO = K.x. 

Figure 4 shows these plots obtained from 
measurements on a decanoic acid monolayer  
at w = 2.62 rad s e e  - 1 .  The resulting values 
for K and ¢/ from both v(x, t) and 7r(x, t) 
measurements are listed in Table I, together 
with those obtained at frequencies w = 1.05 
and 5.24 tad sec -l.  We conclude that both 
measurements lead to similar K and/3 values 
within experimental error. The dispersion 
equation (4), i(E d + iw~d)(r - i/3) z = 71om, 
shows the relation between K,/3, and the rheo- 
logical properties of  the monotayer,  that is, 
surface dilational elasticity ed and surface 
dilational viscosity rid- Using the mean K and 

values from the v(x, t) and the a-(x, t) mea- 
surement, the values of  ~d and nd are calcu- 
lated as listed in Table III. These results are 
in good agreement with those reported by 
Lucassen and van den Tempel  (2, 3). Figure 
5 gives a typical plot of  the amplitude and 
phase versus x of  v(x, t) for a cholesterol 
monolayer a w = 5.24 rad sec -l. From the 
measured points in Fig. 5B it is clear that we 
are not dealing with a single traveling wave 
(no exponential decay). Due to reflections a t  
the end of  the trough (x = L) we are con- 
cerned with two waves, one traveling in the 
positive and the other in the negative x-di- 
rection. This gives the following expression 
for v(x, t) 

T A B L E I  

K a n d / 3  V a l u e s  ( a n d  T h e i r  E x p e r i m e n t a l  Er ro r s )  O b -  

t a i n e d  f r o m  a D e c a n o i c  A c i d  M o n o l a y e r  (~r = 18 × 10 -3 

N m -~) a t  V a r i o u s  A n g u l a r  F r e q u e n c i e s  

Angular frequency Tracer particle method Wilhelmy plate method 
(rod see -~) (m -I) (m -x) 

1.05 /3 = 3.2 --+ 0 .2  2 .7  --+ 0 .3  

K = 5.6 +_ 0 .4  5.6 +_ 0 .6  

2 .62  /3 = 5.3 - 0 .2  5.6 - 0 .2  

K = 10.2 + 0 .5  10.1 + 0 .5  

5 .24  /3 = 7 .6  -+ 0 .8  7 .4  + 0 .8  
K = 15 -+ 1 15 +_ 2 
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T A B L E  II 

K a n d / 3  V a l u e s  ( a n d  T h e i r  E x p e r i m e n t a l  E r ro r s )  O b -  

t a i n e d  f r o m  a Cho les t e ro l  M o n o l a y e r  (lr = 9 × 10 -3 N 

m -~) a t  V a r i o u s  A n g u l a r  F r e q u e n c i e s  

Angular Tracer particle Wilhelmy plate Corrected 
frequency method method values 
(tad see -I) (m -1) (m-') (m -~) 

1.05 /3 = 0 .6  + 0.1 0 .6  + 0 .2  0 .48  + 0 .03  

K = 1.2 + 0 .3  1.0 + 0 .2  1.08 - 0 .03  

2 .62 /3 = 0 .9  + 0.1 1.0 -+ 0 .2  0 .95  +- 0 .05  

r = 2 .2  +- 0 .2  2 .0  + 0 .2  2 .15  + 0 .05  

/3 = 1.7 + 0.1 1.6 --+ 0 .2  1.50 + 0 .05  

5 .24  r = 3.6 + 0.1 3.5 +-- 0 .2  3.6 -+ 0.1 

~e -ik(x-L) _ eik(x-L)~ 
v(x, t) = Vo ( ~ 7 ~ - - - - e - ~  -j ei~°t [6] 

where v0 is the velocity at the origin (equal 
to the velocity Vb of  the barrier) and k = K 

-//3.  
For 7r(x, t) we now have 

7r(x, t) = k~vo60 (le-ik(x-L) ~- ~eik(x-L)~) ei°a [7] 

where ~ stands for the complex surface elas- 
ticity ~ = ed + ioma. Equations [6] and [7] 
enable the values of  K and 13 to be determined 
from the measured values of  amplitude and 
phase of  v(x, t) and 7r(x, t). These values and 
those obtained at o~ = 2.62 and 1.05 rad sec -1 
are presented in Table II. We conclude that 
for cholesterol monolayers the v(x, t) and 
~r(x, t) measurements give the same r and 
/3 values (within experimental error). By in- 
troducing into Eq. [6] the r and/3 values ob- 
tained from the v(x, t) measurement  we ob- 
tain the curves presented as continuous lines 
in Fig. 5. We note that near x = 0 (Fig. 5B) 
there is a significant deviation between the- 
ory and experimental values. This phenom- 
enon was observed generally in our  experi- 
ments and has also been reported by Crone 
et al. (4). The discrepancy can be explained 
by assuming that the transmission of  the bar- 
rier motion to the monolayer  is not  perfect, 
hence in Eqs. [6] and [7] Vo is not equal to 
Vb. In order to overcome this, a new fitting 
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TABLE III 

Dilational Elasticity and Viscosity (and Their Experimental Errors) Obtained from Cholesterol Or = 9 × 10 -3 
N m - ' )  and Decanoic Acid (Tr = 18 × 10 -3 N m 1) Monolayers at Various Angular Frequencies 

Cholesterol Decanoic acid 

Angular frequency Dilational elasticity Dilational viscosity Dilational elasticity Dilational viscosity 
(rad see -t) (N m -I) (Nsce m -I) (N m -1) (Nsec m -I) 

1.05 0.77 + 0.02 0.04 + 0.03 0.027 + 0.002 0.006 + 0.002 
2.62 0.77 _+ 0.02 0.01 + 0.01 0.033 + 0.002 0.003 + 0.001 
5.24 0.79 + 0.03 0.00 -+ 0.005 0.045 _+ 0.002 0.0014 + 0.0004 

procedure has been applied in which v0 is not 
taken equal to Vb. TO obtain the most  ac- 
curate values possible, both  v(x, t) and 
r(x,  t) measurements  have been fitted si- 
multaneously. The new K and fl values are 
also listed in Table II as "corrected values." 
From the best fits v0 is calculated, we found 
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FIG. 5. Phase difference A¢ (A) and (dimensionless) 
amplitude Iv/vbl (B) of the surface velocity wave as a 
function of the (dimensionless) distance x/L, obtained 
from a cholesterol monolayer (~o = 5.24 rad sec -j, 
~r = 9 X 10 -3 N m-l). 

that [v0[ = 0.951Vb[ throughout  and  A% o 
= A~O~ - 0 . 0 2  at w = 1.05 rad sec -l. At o~ 
= 2.62 and 5.24 rad sec -l  no phase shift was 
found (A~v o = A~P~b). 

We learn f rom Table II that the effect of  
the imperfect barrier transmission on the re- 
sults is too significant to be neglected (for 
instance see the/3 value at ~o = 1.05 rad sec-~). 
In Table III, ~a and oa values are given as 
calculated from the "corrected" K and fl 
values. 

When we compare  our  set-up with that 
described by Maru  and Wasan (8) we note 
that the use of  the video system leads to 
greater accuracy, the whole particle mot ion  
instead of  its extreme positions is used to 
calculate the ampli tude and phase of  v(x, t). 
From previous experiments (4) with hand- 
clocking (as done by Maru) we estimate that, 
for o~ = 1.05 rad sec -l,  the video method 
leads to at least 10 times greater an accuracy 
for Agv. 

It might be of  interest to apply the correc- 
tions for the imperfect barrier transmission 
to the results of  Maru. As the discrepancies 
between theory and experimental  values (for 
x near zero) are rather pronounced  in Maru ' s  
results, these corrections might influence his 
conclusion as to the discrepancy between his 
results f rom ~r(x, t) and v(x, t) measurements .  

In the previous results, the measurement  
of  the wave was done by means of  tracer 
particles and only those particles which were 
more than 2 cm away from the side walls 
were recorded. This was done in order to 
minimize  the influence of  surface shear 
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caused by the side walls (7). Experiments 
were done to see if the surface shear had in- 
fluence on the measurement under this ex- 
perimental condition. For this purpose, the 
amplitude of v(x, t) was checked, at constant 
x value, and expressed as a function o fy  (Fig. 
1). The amplitude remained constant prov- 
ing that surface shear had no influence. This 
conclusion proved to hold for experiments 
on cholesterol as well as decanoic acid mono- 
layers. 

From the present results we conclude that 
measurement of v(x, t) has proved to be use- 
ful in the study of rheological properties of 
monolayers. Compared with Crone et al. (4) 
the accuracy of the measurement of v(x, t) 
has improved markedly. 
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