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Surface Tension
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Surface tension will attempt to 
minimize the surface of the 
volume, to maximize the 
number of interactions 
between molecules.

A soap/water membrane in a wire construct will try to shrink its 
surface A=2*x*l (the factor “2” is because there is a front and a 
back surface), thereby exerting a pulling force K onto the lower 
wire.  The length of the wire is “l”.

dW = Kdx = K
2l
2ldx = K

2l
dA = γ dA

The exerted work is:

γ = K
2l

γ = dW
dA

Or:

Here, the surface tension      is defined as:γ
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Surface tension of liquids vs. air Surface tension of liquids vs. liquids  (at 20ºC)

The units of surface tension       is   Joule / m2γ



R

Contact Angle of a Drop on a Surface
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Shape and contact angle of a liquid drop on a solid surface.

Graph to translate measured angle 
Theta into surface tension.  
Curves are for water at  
37ºC (γSV = 75.0 mJ/m2),  
20ºC (γSV = 72.8 mJ/m2), and 
  4ºC (γSV = 70.0 mJ/m2). 

Surface tensions are measured in 
N/m or in J/m2.

γ SV − γ SL = γ LV ⋅cosΘ
(Young-Gauss equation)

γ SV = surface tension solid vs. volatile
γ SL = surface tension solid vs. liquid
γ LV = surface tension liquid vs. volatile

Surface tensions      are vectors that pull on the contact edge Rγ
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Surface Tension of a Soap Bubble
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A = 2 ⋅4πR2
Surface of bubble (Factor 2 is for inside and 
outside):

If radius R changes by dR,  
then surface changes by: 

dA = 16πRdR
Surface work dWS is then:

dWS = γ dA = γ 16πRdR
Volume work of the Gas dWG is:

dWG = ΔP dV = ΔP d 4
3
πR3⎛

⎝⎜
⎞
⎠⎟

= ΔP 4πR2 dR
Setting surface work and gas work equal:

dWS = dWG

Gives:

ΔP = 4γ
R

Soap bubble or radius R  
filled with air of pressure P

For a filled ball of liquid (only one surface):

ΔP = 2γ
R

(This is why inflating a balloon is most difficult 
at the beginning…)

γ = dW
dA
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The capillary force results in a 
capillary rise at a vertical wall. 

Differential shift from equilibrium with 
the contact angle Theta.

γ SV − γ SL = γ LV ⋅cosΘ
(Young-Gauss equation)

R

Three forces pull on liquid edge: 

γ SV = surface tension solid vs. volatile
γ SL = surface tension solid vs. liquid
γ LV = surface tension liquid vs. volatile

Compare:

γ = dW
dA

From before:



Capillary Force
Water rises in a hydrophilic straw.  

This effect is stronger, the thinner the straw is. 
In a hydrophobic straw, water would be pushed down.

Mercury is a liquid metal. It is electrically conductive  
and will be pushed down in a hydrophilic straw.

H20



Capillary Force
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Capillary rise in a tube filled with liquid

Pa = pressure above liquid
Pi = pressure in liquid
Po = pressure outside of capillary
γ = surface tension
R = radius of liquid
r = radius of tube
Θ = contact angle liquid vs. tube 

cos Θ( ) = r
R

Gravity pull on liquid column:

ρ = density of liquid [g/l]
g = gravity constant on earth (9.81 N/kg)
h = height of water column [m]

γ = ρgh ⋅r
2 ⋅cosΘ

In equilibrium, forces are equal. Then:

h = 2γ ⋅cosΘ
ρgr

Or:

h = 2γ
ρgr

If surface is fully hydrated: 

ΔPcapillary = Pa − Pi =
2γ
R

= 2γ ⋅cosΘ
r

ΔPgravity = Pi − Pa = ρgh
ΔPgravity = ΔPcapillary

This gives:
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h = 2γ
ρgr

If surface is fully hydrated: 

For example: 
In a capillary with 1 mm diameter (r = 0.0005 m), that is fully hydrated 
(Theta = 0), water can rise approximately 3 cm. 

γ = 72.5 mN /m (water at 20ºC on solid)
ρ = 1000 kg /m3

g = 9.81 N / kg

A tree that is 30 meters high therefore must still have other means to get the water up.  
This is the relative strength of the water “string” in a capillary, and the transpiration suction.

Or: 
In a capillary with 10 µm diameter (r = 0.000005 m), that is fully 
hydrated (Theta = 0), water can rise approximately 3 meter. 
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hydrophobic hydrophilic

Hexanol is an  
amphiphilic molecule

hydrophobic hydrophilic

The lipid 
di-palmitoyl-phosphatidyl-cholin (DPPC) 

is an amphiphilic molecule
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Water

Air

single molecules

adsorbed layer

micelle

Surfactants are SURFace ACTive substances.  
Other names are: Tensid or detergent.  
These include soap or amphiphilic molecules. 

Molecules are at low concentration isolated in solution and 
tend to assemble at the surface. 
At a concentration higher than the critical micellar 
concentration (cmc), they form micelles in the solution.

Oil Water

Water Oil

Surfactants can separate oil from water. They can solubilize 
oil in water via tiny droplets.
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Surfactants can separate hydrophobic 
material from surfaces and clothing.  
This is how soap works.

Step 1

Step 2

Step 3

Step 4

Step 5
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The Langmuir-Blodgett trough allows to 
measure the force K on the barrier B, therefore 

measuring the surface tension 𝜸.

The barrier B is moved from right to left, while 
measuring the force K that is needed to 
compress the surface to the pressure 𝜋.

Amphiphilic molecules on a water surface  
show two transitions: 
 (I): at 𝜋=0.2 mN/m from a 2D gas to a 2D liquid  
(II): at 𝜋=8.0 mN/m from a 2D liquid to a 2D solid.

water

separation membrane

water with surfactants

Area per molecule Area per molecule

Surface 
pressure

Surface 
pressure

γ = dW
dA

(I)(II)
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Langmuir Blodgett Trough

1,2) Without lateral pressure, lipids form a loose monolayer on the surface of a water bath.  
3) Once the lateral pressure increases above a first critical value, lipids form a 2D fluid on the air-water interface. 
4) With the lateral pressure above a second critical value, lipids form 2D crystals on the air-water interface. 
5) Even higher pressure will drive the lipids into the sub-phase, where they form vesicles in the water. 

1: Diluted

2: Condensed

3: Fluid

4: Crystalline

5: Vesicles 
in sub-phase
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(Wilhelmi Balance)
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Transfer of the lipid monolayer film from the water surface onto a solid support (e.g., a microscopy slide or 
an electron microscopy grid): 
- Top right: Rapidly inserting and then slowly vertically retracting a slide (Langmuir-Blodgett transfer). 

Slowly re-inserting and retracting will allow to buildup multiple layers of lipids (bottom right).  
- Bottom left: Simple horizontal adsorption and pickup (Langmuire-Schaefer transfer). 

Langmuir Blodgett Trough



Lipids can undergo phase separation

Addition 
of Ca2+
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Raft
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Liley et al., Science 280(5361), 273-275 (1998) 
DOI: 10.1126/science.280.5361.273

Two different types of lipids  
on Langmuir-Blodgett Trough 
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Liley et al., Science 280(5361), 273-275 (1998) 
DOI: 10.1126/science.280.5361.273

Two different types of lipids  
on Langmuir-Blodgett Trough 

Setup: Two different lipids on air-water interface: Upon compression up to step 4 above (crystalline), the two 
lipid types demix, and one lipid starts to form 2D crystals first, in this case as a star-like shape, while the 
other lipid is still in the fluid phase. These phase-separated states were studied by various microscopy types, 
including fluorescence LM, AFM, TEM, and Brewster-angle LM. 

1: Diluted

2: Condensed

3: Fluid

4: Crystalline

5: Vesicles 
in sub-phase
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Liley et al., Science 280(5361), 273-275 (1998) 
DOI: 10.1126/science.280.5361.273

Atomic Force Microscopy (A) Transmission Electron Microscopy

(B) Brewster Angle Light Microscopy

Two different types of lipids  
on Langmuir-Blodgett Trough 
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Atomic Force Microscopy

Two different types of lipids  
on Langmuir-Blodgett Trough 

Without lateral pressure, both lipids are fluid and mix 
with each other.  
Under pressure, lipids undergo phase separation. 
One lipid 2D-crystallizes out, the other lipid stays 
fluid, surrounding the crystalline “star-shaped” 
crystals. 


