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ABSTRACT 
 

We establish a tool for direct measurements of the work 

needed to separate a liquid from a solid. This method 

mimics a drop that is subjected to a gravitational force that 

is slowly increasing until the solid−liquid contact area starts 

to shrink spontaneously. The work of separation is then 

calculated in analogy to Tate’s law. The values obtained for 

the work of separation are independent of drop size and are 

in agreement with Dupré’s theory, showing that they are 

equal to the work of adhesion. 
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1 INTRODUCTION 
 

Surface tension was established as a measurable 

property in the nineteenth century. In 1863 Wilhelmy 

introduced measurement of surface tension via Wilhelmy 

plate method [1]; in 1864, Tate [2] laid the foundation for 

measuring surface tension from a falling drop weight; and 

in 1869, Dupré constituted solid−liquid work of adhesion 

via contact angle measurements. These three methods are 

still extensively used, with the work of adhesion being 

restricted to an estimation via the Young−Dupré 

equation [3–6]. The contact angle values needed in the 

Young−Dupré equation are obscured by contact angle 

hysteresis, and by an unknown difference between 

macroscopic and nanoscopic contact angle values. Thus, 

many papers use it qualitatively [7–10].  

In our study, we allow a controlled gradual increase of a 

force pulling the drop, and then calculate the work of 

separation in analogy to Tate’s law [2]. 

Tate’s law for the drop weight method [5] determines 

the surface tension, γ, and considers the entire weight of the 

liquid under the tube. Similarly, we will also consider the 

entire weight of the drop under the surface. 

Here we consider a system of a drop on a flat surface for 

which the detachment starts from the solid−liquid interface. 

We increase the weight by increasing the force field and 

look for a critical depinning beyond which, no pinning can 

stop the reduction in drop width. 

To increase the drop’s weight we use modified 

Centrifugal Adhesion Balance (CAB) [11,12].  

 
Figure 1: Left: Schematics of CAB alignment for total zero 

lateral force (  gsincos2 R ). At this alignment the 

drop can only move (fly) normal to the surface. Right: 

Some drop parameters used in this study. 

 

2 THEORY 
 

The CAB, shown schematically in figure 1, combines 

gravitational and centrifugal forces to manipulate normal 

and lateral forces according to eq 1 and eq 2 [12]: 
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where f⊥ and f∥ are the normal and lateral force acting on 

the drop, ω is the CAB angular velocity, R is the drop’s 

distance from the CAB’s center of rotation, α is the tilt 

angle with respect to the horizon, and m is the drop’s mass. 

For our purpose, it is required to change the normal 

force when the centrifugal and gravitational components 

cancel each other in the lateral direction but add up in the 

normal direction. Such an alignment, seen in figure 1, 

shows that f || = 0 when 
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This setup follows the Dupré gedanken experiment [4] 

according to which, the solid-liquid work of adhesion, WSL, 

is given by: 

 

WSL = S + L – SL         (4) 
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where S, L and SL are the solid-liquid, liquid-vapor, and 

solid-vapor interfacial energies respectively. 

The Dupré equation (Eq. 4) combined with the Young-

Laplace equation (Eq. 5), 
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results in eq. (6), where   is the contact angle that the 

liquid makes with the surface:    

                         

  cos1 LSLW          (6) 

 

Eq. (6), which was derived by Dupré [3], is often called 

the Young-Dupré equation. It relates the work of adhesion 

to the equilibrium contact angle.  

In accordance with the falling drop weight technique, 

the work of separation per area equals the pull off 

(separation) force per triple line circumference. In analogy 

to Tate law for measuring surface tension, the work of 

separation per area equals the pull off (adhesion) force per 

triple line circumference [5], i.e., 
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where FD is the pull-off force, or the Dupré force and 

DP is the pull off diameter of the triple line: D represents 

the drop's diameter (see fig. 1(B)), and the index P stands 

for pull off. 

Equation 4 shows that the work of adhesion per unit 

area can also be described as force per unit length (similar 

to describing surface energy per area as force per length) 

and equation 5 shows this as well. 

Since WSL is an intensive property, it does not depend on 

the length, i.e.: 

 

 
0

)(

)(






 PDD

D

D

DF



         (8) 

 

Graphically, this is presented schematically in figure 

2A. 

 

 
Figure 2. Schematics plotting the Dupré force variation 

with (A) the drop’s pull off circumference. (B) The drop’s 

circumference as a negative abscissa (i.e. negative x axis), 

superimposed on the drop retention force, f⊥. Following f⊥ 

intersection with FD (the negative abscissa represents a 

positive time axis), the circumference will need to continue 

decreasing spontaneously without further force investment, 

as represented by the horizontal green line. 

 

3 EXPERIMENTAL 
 

3.1 Centrifugal Adhesion Balance (CAB) 

The Centrifugal Adhesion Balance (CAB) [11,12] used 

was a Wet Scientific model CAB15G14. CAB pictures are 

shown in fig. 3.  

   
Figure 3. Pictures of CAB model CAB15G14. Left: closed 

CAB; Right: the CAB interior. 

 

3.2 Experimental Procedure 

The experiments were conducted when the lab 

environment was at 23 ±1 °C and 96% relative humidity 

inside the CAB chamber. OTS coated silica was placed in 

the CAB sample holder and near saturation conditions [13–

15] were maintained.  

 

4 RESULTS AND DISCUSSION 
 

In our experiment, the pull off force is one datum in a 

growing force curve, f⊥. We note that D decreases as f⊥ 

values increase. Thus, if we superimpose the trend shown in 

figure 2A on the curve of f⊥ versus D, we get qualitatively 

what is shown in figure 2B. Once the functions cross, f⊥ = 

FD and D = DP, the drop diameter, D, will decrease 

spontaneously, while the applied force-ramp will not have 

the time to increase significantly. This is marked as green 

line in figure 2B. To identify this value experimentally, we 

need to look for the first moment in the experimental plots 

in which 
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At that point, the force corresponds to the work of 

adhesion, and reaches the value of eq 7, i.e., 

 

SLPD WDFf 
       (10) 

 

following which the triple line circumference will decrease 

at no additional force, as implied from eq 8. Further 

circumference reduction will be spontaneous. 

Figure 4 shows selected pictures from an experimental 

run. 
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Figure 4. Pictures of water drops during a CAB run of an 

increasing effective gravity field which pulls on the drop 

from the silanized (C18) silicon surface from which it is 

suspended. 

 

There are two processes that occur in tandem: first, 

reduction in the solid−liquid interfacial area and second, 

drop elongation, namely, increase in liquid−air interfacial 

area. At some point the force pulling on the drop above the 

neck will equal the neck capillary pulling force, and a 

liquid−liquid snap will occur. This happens long after the 

time at which a spontaneous reduction in the solid−liquid 

interfacial area is initiated (several frames). Therefore, the 

point considered for the pull off is when the solid−liquid 

area starts to reduce spontaneously and not when the 

liquid−liquid separation occurs a few frames later. 

As the effective gravity pulling on the drop reaches −4.0 

g (for this particular drop), the drop’s diameter starts 

decreasing spontaneously. This is the point that needs to be 

considered for the work of adhesion. 

Force and the circumference are plotted in figure 5: 

panels A and C show the overall trend, while panels B and 

D magnify the final stages. The first point in the 

experimental plot that obeys eq 9 is marked with blue 

arrows in figure 5B,D. 

Taking the values to which the blue arrows point in the 

plots and substituting in eq 7, we get from figure 5B 
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and from figure 5(D): 
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Figure 5. Water drop triple line circumference on OTS 

coated silica versus the effective gravitational force pulling 

on the drops. The blue arrows show the values taken for the 

pull off force and the pull off diameter in equations 11 and 

12. The green line corresponds to the green line in figure 2. 

Drop sizes are 10.5 μL (A and B); 9.2 μL (C and D). 

 

The linear trend of figure 6 for different experimental 

runs, similar to figure 2A, supports the Dupré theory, and 

provides a unique WSL value (which for our particular 

system is 51.9 mJ/m2). This shows that the work of 

separation is an intensive property and therefore equals the 

work of adhesion. 

 

 
Figure 6. A set of points for which different experimental 

runs like those shown in figure 5 obey eq 9 for the first 

time, together with a fit based on eq 7 using WSL= 51.9 

mJ/m2. 

 

From eq 6, the contact angle that corresponds to the 

work of separation above is 106°. This value is close to the 

apparent measured advancing angle (107°), suggesting that 

the nanoscopic value of the contact angle may be higher 

than the macroscopic (observed) one. This is in line with 

refs  [8],  [9], and  [16]. 

To test this, we consider a solid−liquid interface of 

known work of adhesion: glass is known to form a 

nanometric water layer on its surface [17]. Therefore, for a 

glass−water system, we are in practice separating water 

from water and expect to have the water surface tension as 

the work of adhesion. 

An example of such an experiment is shown in figure 7, 

and the average value obtained for that system is 71.3 ± 2.4 

mJ/m2. 
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Figure 7. Water drop triple line circumference on a glass 

surface versus the normal (effective gravitational) force 

pulling on the drops (zoomed in on the end of the run). The 

blue arrow shows the values taken for the pull off force and 

the pull off diameter in equation 7. The green line 

corresponds to the green line in figure 2. 

 

The macroscopic (observed) contact angle value of this 

system is roughly 20°, which is in agreement with 

measurements of Pashley et al. [17] and lower than the back 

calculated contact angle based on the work of separaion 

experiments (but again corresponds well with references 

 [8],  [9], and [16]). Therefore, we conclude that our work 

of separation measurements correlate well with the 

thermodynamic work of adhesion. 

We also made some measurements with rough systems. 

Surface roughness plays a significant role in wetting 

phenomena. Similar to the way it influences spontaneous 

spreading [18,19], it should also influence spontaneous 

triple line retraction, namely work of adhesion 

measurements.  

In the experiments shown below, a smaller droplet is 

left on the solid surface behind the flying drop, but 

sometimes the departing drop leaves a clean surface behind.  

The existence, or lack, of a remainder drop, as explained 

above, is related to a later stage after the spontaneous solid− 

liquid area reduction already commenced and the work of 

separation already determined. In the few systems that we 

considered so far, we found for water drops that adhere to 

solids with work of separation that is lower than 30 mJ/m2 

there is no drop left behind, and when it is higher than 30 

mJ/m2, there is a drop left behind. 

 
Figure 8. Pictures of water drops on a microporous layers 

polytetrafluoroethylene surface during a CAB run of an 

increasing effective gravity field. No droplet is left after the 

detachment.
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Figure 9.  The force pulling a 4 L water drop from MPL-

PTFE surface versus drop's circumference at CAB run. 

(only the end of the run is shown). 

For example, we show in figure 8, frames from a CAB 

experiment with water drops on a microporous layers 

(MPL) of polytetrafluoroethylene (PTFE), and in figure 9 

we show that, for this experiment, WSL <30 mJ/m2.  

The work of adhesion that corresponds to this series of 

images is 25 mJ/m2. 

 

5 CONCLUSION 
We apply an ever increasing effective gravity using 

CAB, thereby forcing a drop to detach from a solid surface 

in the normal direction. From this we demonstrate how to 

directly obtain the work of separation. The values of work 

of separation correlate well with the expected work of 

adhesion and are irrespective of drop size or initial 

conditions in agreement with the Dupré equation.  
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