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Emulsions (= Systems of MANY drops) are important in 

many every day and industrial contexts such as: 

 

• in foods, 

• in the paint, dyeing and tanning industries,  

• in the manufacture of synthetic rubber and plastics,  

• in the preparation of cosmetics such as shampoos,  

• in salves and pharmaceutical products for drug delivery,  

• in the petroleum industry for certain drilling muds, for 

enhanced oil recovery, in oil refining and oil separation 

(de-emulsification) and oil&gas transport. 

Emulsions are important in many every day and industrial contexts 



«Classical» («chemical») emulsions 

«Classical» («chemical») emulsions 

Ebind>~kBT 



                                                                       

Colloidal particles as emulsion stabilizers: 

Pickering («physical») emulsions 

Pickering («physical») emulsions 



Drawing by Ernesto Altshuler 



Oil drops in saline water with suspended  

Laponite clay particles:  

Pickering emulsion 

No salt:  
Pickering film  

not observable by 

Raman microscopy. 

Observable surface tension. 

With salt: 
~ 4 mm Pickering film. 

Increased surface tension. 



Cipro (ciprofloxacin) is an antibiotic in a group of drugs called fluoroquinolones (flor-

o-KWIN-o-lones). It is used to fight bacteria in the body. Cipro is used to treat different types of bacterial 

infections. It may also be used to prevent or slow anthrax after exposure. 

C17H18FN3O3 

  

    
  

Positive  Dipole  Negative 

Intercalates by far best for acid pH 

Different intercalation mechanism at pH 7? 

Rapid release at basic pH 

Techniques: XRD, UV-VIS Spectroscopy 

Zwitterionic 



Translation 

stages 

Sample cell 

2x ITO transparent electrodes 

2x glass walls 

Non-conductive 

Experimental setup at NTNU Trondheim 



1st Microscope with camera 

Experimental setup at NTNU Trondheim 



2nd Microscope with camera 

Experimental setup at NTNU Trondheim 



Electrodes 

+ 

oscillosope 

signal generator 

amplifier 

Experimental setup at NTNU Trondheim 



Light source 

Experimental setup at NTNU Trondheim 



PC for image  

recording and analysis 

Experimental setup at NTNU Trondheim 



What did we see under the microscope? 



DC E-field ~ 200 V/mm 

~1 mm 

Sample cell 
2x ITO transparent  

electrodes 

2x glass walls Non-conductive 

Clay in silicone oil dispersion 

(~ 1 mm diameter drop) 
 

Castor oil  

(continuous phase) 

Translation 

stages 



Ribbon-like structure of clay particles: Experiments at NTNU Trondheim 

E-field induces flows of liquids 

Speeded up 

x10 



Sir Geoffrey Ingram Taylor (1886-1975) 

Described as "one of the 

most notable scientists of 

the 20th century” 



Allan, RS & Mason, SG, 1962 Pros. Roy. Soc. A, 267, 45—61 



Fluid drops subject to a uniform electric DC field 

      Perfect dielectric drop:   

  Drop deformation 

 

      Weakly conducting drop (G. I. Taylor’s insight)::    

  Drop deformation and hydrodynamic flow  

Prolate shape 

Oblate shape 

E

E



• Conductor fluids:  water, mercury 

• Dielectric fluids:  benzene 

• “Leaky dielectric” fluids:  castor oil, corn oil, mineral oils, etc 

Proc. R. Soc. Lond. A 291,159-166 (1966) 
(see also review by Saville - 1997) 



EHD 

Coupling two undergrad  

textbook chapters 



Maxwell-Wagner charge relaxation time 

Ohmic conductor: 
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Exponential decay of free charges in bulk: 

Maxwell (Gauss) equation: 

Charge conservation: 

Keep free charges 

Conducting fluids 

Time it takes to  

reach electrical 

stationary state 

Maxwell-Wagner time 



Maxwell-Wagner charge relaxation time: 

Example 

After about 1 second there are no free charges in bulk, only at boundaries 
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Castor oil: 
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Silicon oil: 

Combined MW time: 
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Conducting fluids 
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Free  charges on the droplet surface: 
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Conducting fluids 



Electric forces on the drop surface 
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Deforms the drop 

Induce fluid flow 
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Electrostatics and hydrodynamics only couple through surface stress balance 

𝛻𝑝 = 𝜂𝛻2𝑣  𝛻 ∙ 𝑣 = 0 

𝑻𝑯 = −𝑝𝛿𝑖𝑗 + 𝜂 𝜕𝑣𝑖𝜕𝑥𝑗 + 𝜕𝑣𝑗𝜕𝑥𝑖  

𝛻 × 𝐸 = 0 𝑻𝑀 = 𝜀 𝐸𝑖𝐸𝑗 − 12𝐸2𝛿𝑖𝑗  



E



Electrostatics Hydrodynamics 

𝑻𝑯 = 𝑻𝒏 

fE  




Low Reynolds hydrodynamics:  

Balance of viscous and electric forces: 

Melcher and Taylor (1969) 

In bulk:   0 

2
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Standard Stokes hydrodynamics + electric forces at interfaces: 

Stokes Maxwell
T T
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Low Reynolds electro-Hydrodynamics:  

Drop 

http://www.google.no/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.vectorstock.com/royalty-free-vector/water-droplet-cartoon-character-vector-1546887&ei=n8YFVY2-FKmjygO9kICIDQ&bvm=bv.88198703,d.bGQ&psig=AFQjCNE-JujonGbkzkV7Ye4JdPQg-UYS_Q&ust=1426528291890250


Taylor EHD model prediction for leaky-dielectric drops: 

Hydrodynamic surface flow due to electric 

surface stress 
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Drop deformation: 
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The model predicts  D< 0  for silicon oil in castor oil , and D>0 for castor oil in silicon oil  

in agreement with experiments. Note  that the time it takes for 1  turn a/v independent of a) 

a 



Condition 1: Two leaky dielectric liquids 

Condition 2:  𝜎𝑑𝑟𝑜𝑝 < 𝜎𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 

Free charge accumulation 

When DC E-field applied: 

Maxwell electric stress  

Liquid circulation flows  

Oblate deformation 

Electro-hydrodynamic Taylor flow 

Ribbon structure 

DC E-field ~ 200 V/mm 



From Taylors original paper: 
G.I. Taylor: Proc. R. Soc. Lond. A 291,159-166 (1966) 

Conducting fluids 



Electro-hydrodynamic flow: Experiments at NTNU Trondheim 

Tracing PE beads in a drop  

subjected to an electric field: 

E



Monodisperse 

emulsions 



Monodisperse 

emulsions 



Table-top experiment: 



for low viscosity ratio 



• Clay particles goes to the surface of the drop. 

• Particles form a ribbon. 

• Electro-rheological chains in the ribbon. 

• Flow field inside drop 

E 

 Clay-oil drop in electric fields 



Ribbon-like structure: Experiments at NTNU Trondheim 



Maxwell times determines direction of flow 

 ˆ  ˆ

Flow towards equator Flow towards poles 
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Our Condition 1: Two leaky dielectric liquids 

Our Condition 2:  𝜎𝑑𝑟𝑜𝑝 < 𝜎𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 

Electro-hydrodynamic flow 

𝜎𝑑𝑟𝑜𝑝 > 𝜎𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 If insted 

then the flow is reversed and the  

particles are transported to the 

electrical poles rather than  

to the electrical equator 

Drop fluid 

Colloidal caps 



Coffe ring effect: 

Convective deposition by hydrodynamic flow 

(No direct electrical forces on particles) 

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, T. A. Witten (1997). "Capillary flow 

as the cause of ring stains from dried liquid drops". Nature 389 (6653): 827–829 



There are weak direct electrical forces on our particles  

 

Convective deposition dominates here: 

NOT Electrophoresis 

NOT Dielectrophoresis 



Oblate-to-Prolate transition 

Dipole-dipole interactions Electro-hydrodynamic flow 



Oblate-to-Prolate transition 



                                                                       

Pickering («physical») emulsions 



Percival Spencer Umfreville Pickering (1858 –1920) 

J. Chem. Soc., Trans., 1907,91, 2001-2021 



Lost  history versus good science, Qian Wang, & Chris Toumey,  

Nature Chemistry 3, 832–833, doi:10.1038/nchem.1179 (2011) 

Percival Spencer Umfreville Pickering (1858 –1920) 



                                                                       

Colloidosomes 

A.D. Dinsmore et. Al., Science, 298, 1006 (2002); David  Weitz group: Harvard Univ. 

Composition and permeability  



Dinsmore et.al. 



Capillary binding: A particle at the 

interface is trapped in a capillary barrier 

with a substantial energy cost of moving 

to either side of the liquid interface.  

Origin of capillary binding: 

Surface tension: 

Surface tension preventing  

a paper clip from submerging 
The forces on  

molecules of a liquid: 

Capillary binding 



Typically: 
 

ApOW ~ 10000 kT for microparticles 



Typically: 
 

ApOW ~ 10000 kT for microparticles 



Large yield stress -> 200 kPa or more 100 times viscosity 

increase  (up to 100000 times according to wiki) 

"Induced fibration of 

suspensions". J. Appl. Phys. 

20 , 1137–1140 (1949) 

Winslow, Willis M.  

U.S. Patent 2,417,850: 

Winslow, W. M.: 'Method 

and means for translating 

electrical impulses into 

mechanical force', 25 

March 1947 



Video microscopy (real time): 

Electrorheology:  

Smart Materials 

Clay particles suspended in oil: 

Intercalation-enhanced electric polarization and chain formation of nano-layered particles, J.O. Fossum, Y. 

Méheust, K.P.S. Parmar, K.D. Knudsen, K.J. Måløy and D. M. de Fonseca, Europhys. Lett., 74, 438-444 (2006) 



Our Physica MCR 300 Rheometer inl electrorheol. cell: 

Langmuir 24, 1814 (2008)  

J. Rheol. 55, 2011 (2010) 

J. Phys.: Condens. Matter 22, 324104 (2010) 



CSS tests 

Yield stress: 

Theories predict: 

Static yield stress: 

Yield stress for an 

undisrupted ER fluid. 

Log-log plot of the static yield stress, 

normalized by E1.86, vs. the volume 

fraction at different strengths of the 

applied electric field. A power law b ≈ 
1.70 fits to the whole dataset.. 



Experiments at ESRF, Grenoble: 

In ESRF Scientific Highlights 2006 

Before: 0 V/mm After: 500 V/mm 

Angular distribution function 

= S2 = ½<3cos2-1> 



Is it possible to make electrorheological drops? 



  

200               500 V/mm 

200               500 V/mm 

Electro-hydrodynamic flow  Dipole-dipole interactions 

Active pupil-like colloidal shell (opening - closing) 



Active pupil-like colloidal shell (opening - closing) 



Oil + particles in E-fields 

PE beads 

  𝜀𝑜𝑖𝑙~𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝜎𝑜𝑖𝑙~𝜎𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

Very high E-field 

Clay particles  

  𝜀𝑜𝑖𝑙 < 𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝜎𝑜𝑖𝑙 < 𝜎𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

Hundreds V/mm 

Ag coated beads 𝜀𝑜𝑖𝑙 ≪ 𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝜎𝑜𝑖𝑙 ≪ 𝜎𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

Tens V/mm 

Particle dipole-dipole interactions  



Drop “behind bars” 

Matallic conducting  beads on the surface of a silicone drop with a 

radius of about 1 mm embedded in castor oil 

2-D confined ER chains: Experiments at NTNU Trondheim 



NOT POSSIBLE TO OBTAIN the Pupil-like effect  

using either non-conductive PE beads or silver coated glass beads 

E= 250 V/mm 

No pupil-like colloidal shell for insulating or high conductive particles 

E 
X 
E 



Howard Stone  

group: Princeton Univ. 







Fully covered drops do not coalesce  Pickering emulsions: 

Experiments at NTNU Trondheim 

Case 1: Partly covered drops  Coalescence 

Case 2: Fully covered drops  No coalesence  



Janus shells with clay and PE particles, Experiments at NTNU Trondheim 



Janus particles or capsules 

Patchy particles or capsules 

In ancient Roman religion and myth, 

Janus is the god of beginnings and 

transitions, thence also of gates, 

doors, passages, endings and time.  

 

Usually depicted with two faces, 

looking to the future and to the past 

Pierre-Gilles de Gennes  Nobel Prize lecture, 1991 

 

The god Janus had two faces. The grains have two sides: one apolar, and the 

other polar. Thus, they have certain features in common with surfactants. 

But there is an interesting difference if we consider the films which they 

make, for instance at a water - air interface. A dense film of a conventional 

surfactant is quite impermeable. On the other hand, a dense film of Janus 

grains always has some interstices between the grains, and allows for 

chemical exchange between the two sides; “the skin can breathe”.  



Fabrication of Janus ribbon: Experiments at NTNU Trondheim 



Hydrodynamic interactions are stronger than dipole-dipole interactions  
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Attractive hydrodynamic interaction 

̂  Repulsive hydrodynamic interaction 



Fabrication of Janus shell: Experiments at NTNU Trondheim 



Fabrication of Janus shell: Experiments at NTNU Trondheim 



Fabrication of Janus shell: Experiments at NTNU Trondheim 



Fabrication of Janus shell: Experiments at NTNU Trondheim 



Hexagonal packing: Experiments at NTNU Trondheim 



The ribbon formations 

bring the particles 

«away from» the 

«electric polar areas» 

of the drops, i.e. 

enabling coalescence.  

Activated coalescence 



Reduction of surface area by coalescence: 

Volume: 

Area: 

r 

r 

R 

coalescence 

R = 21/3r  1.25 r r3+r3 = R3 

R2 = 2-1/32r2 = 2-1/3(r2+r2 ) 

Anew  0.8 Ainitial 

 Final drop can be fully covered even if the original drops are not 



Janus shells with clay, PE or PS particles: 

Experiments at NTNU Trondheim 



Janus shells with clay and PE particles:  

Experiments at NTNU Trondheim 



Spherical Janus shell: 1 mm and 500 nm particles:  

Experiments at NTNU Trondheim 



Arrested shells – symmetric:  

Experiments at NTNU Trondheim 



Arrested shells – asymmetric: 

Experiments at NTNU Trondheim 



Arrested shells – asymmetric:  

Experiments at NTNU Trondheim 



Arrested shells : Small particles:  

Experiments at NTNU Trondheim 

glass (500 nm) and blue PE (20 µm) particles PS (1 µm) and clay mineral (~1 µm) particles 



Patchy shells: Experiments at NTNU Trondheim 



Patchy shells: Experiments at NTNU Trondheim 



Smaller droplets?: Experiments at NTNU Trondheim 



                                                                       

Janus shells 

Patchy 

shells 

Future fabrication of hollow structures? 



                                                                       

Example of complex hollow structure 

Basic building block: 

Capsule = Hollow particle 



Self-assembly into (ordered) structures 



Schematics of wetting of four different surfaces. The largest contact 

area between the droplet and the surface is given in flat and micro-

structured surfaces, is reduced in nano-structured surfaces, and is 

minimized in hierarchical (nano-micro) structured surfaces. This 

contains the principle of the so-called self-cleaning Lotus leaf effect, 

depicted to the left. 

Natural and biomimetic artificial surfaces for super-hydrophobicity, self-cleaning, low adhesion, 

and drag reduction, B. Bhushan, Y. C. Jung, Progress in Materials Science 56, 1-108 (2011) 



Peacock feathers: Brown pigment + nanostructures 



When light falls on a thin film, the waves reflected from the 

upper and lower surfaces travel different distances depending 

on the angle, so they interfere. 



Butterfly wing at different magnifications reveals 

mesostructured chitin acting as a diffraction 

grating 



Polydopamine (PDA) shell layers  

+ core polystyrene (PSt) particles 



Chameleons can change their color in less than 1 second 



Dumanli, A. G., Kamita, G., Landman, J., van 

der Kooij, H., Glover, B. J., Baumberg, J. J., 

Steiner, U. and Vignolini, S. (2014), 

"Controlled, Bio-inspired Self-Assembly of 

Cellulose-Based Chiral Reflectors."  

Advanced Optical Materials.  

doi: 10.1002/adom.201400112 

The most intense blue 

known in nature: African 

Pollia condensata berries 







Self-assembly: 
Making a macroscopic sample (i.e. about 1020 
nanoparticles) by physically picking up and 
moving nanoparticles into place, one by one, 
would take about 300 million years, even if 
the time for moving individual particles could 
be made as short as 1 millisecond.  



Quincke rotation 



 
  

Small glass beads rotate spontaneously 

when immersed in liquids and subject 

to an electrostatic field 
 

1. Threshold electric field 

2. Rotation axis normal to the applied E-field 

Oil 

Quincke rotation 



Quincke rotation 



Quincke rotation of Pickering frops. Experiments at NTNU Trondheim 



Movie of single Quincke rotating 

Pickering drop 

Quincke rotation of Pickering drops. Experiments at NTNU Trondheim 



Quincke rotation of Pickering drops. Experiments at NTNU Trondheim 

Solid particle Rigid capsule 



Video from: http://www.youtube.com/watch?v=mKLhfb5csr4 

Tank treading and tumbling motion 



Tumbling and tank treading motion 

Video from: http://www.youtube.com/watch?v=mKLhfb5csr4 



Transition from solid shell rotation to tank treading:  

Experiments at NTNU Trondheim 



Transition from solid shell rotation to tank treading:  

Experiments at NTNU Trondheim 



Particle tracking 

Transition from solid shell rotation to tank treading:  

Experiments at NTNU Trondheim 



Transition from solid shell rotation to tank treading:  

Experiments at NTNU Trondheim 



Solid to liquid transition of the particle layer occurs 

when we increase the E-field 



Electrobuckling: Experiments at NTNU Trondheim 



Crumpling 



Interaction of Quincke  

rotating beads 



Swimming Quincke rotating Pickering pair 

Self propelled motion Orbiting motion 

Experiments at NTNU Trondheim 

E 



Swimming upwards 

Experiments at NTNU Trondheim 

E 



Experiments at NTNU Trondheim 

E 

V ~ 0.1 mm/sec 

V ~ 0.1 mm/sec 

Pair swimming of tank treading capsules 

Electro-hydrodynamic propulsion of counter-rotating Pickering drops P. 

Dommersnes, A. Mikkelsen & J. O. Fossum EUROPEAN PHYSICAL 

JOURNAL SPECIAL TOPICS 225, 699-705 (2016) 



Swimmers 

Counter-rotating rotors 

Another animal might consist of two cells which were stuck together and were able to roll on 

one another by having some kind of attraction here while releasing there. That thing will 

"roll" along. 



Two-rotor bifilament swimmer: Chlamydomonas  

https://www.youtube.com/watch?v=mu72Qoy1xq0 Chlamydomonas is a 

single-cell green alga 

about 10 micrometres in 

diameter that swims with 

two flagella.  



Two-rotor model of 

bifilament swimmer 



Flocking and swarming 



exp_03_40xoil_40fps_fluo.mov: Real-time low-

resolution movie (duration 50 s) of tracer motion 

as used for the PTV analysis (see main text for 

imaging parameters). 

exp_03.mov: Real-time movie (duration 50 s) of the 

PIV flow field as extracted from 

"exp_03_40xoil_40fps_brightfield.mov".  



A hematite cube protruding from a TPM polymer spheremoves on fixed glass substrate when exposed to blue 

light (red part of trace) and diffuses when the light is off (black part of trace). Initially, with no light, the 

hematite cube is oriented randomly (image, right) but rotates and faces downward toward the glass substrate 

when the light is turned on (image, left). The particle then surfs on the osmotic flow it induces between the 

substrate and itself. (Inset) A superposition of the trajectories of many particles with their origins aligned. 



Phoretic and osmotic effects can conveniently be switched on and off by light.  



Surface roller 
Pair rollers 

Kicking off one another, or kicking of a surface 



Experiments at NTNU Trondheim: Tommy Kristiansen 

0.2 mm gap 

Hele-Shaw cell with ITO  glass covers:   suspension containg 30micron PS beads 



Experiments at NTNU Trondheim: Tommy Kristiansen 

40µm   2250V/mm Fast moving quincke rollers 



Streak photography night sky 



Experiments at NTNU Trondheim: Tommy Kristiansen 

Streak photos of fast moving Quincke rollers: 

«Vortices» 

15  frames after 0 secs 100  frames after 3 secs 

100  frames after 6 secs 100  frames after 9 secs 



Experiments at NTNU Trondheim: Tommy Kristiansen 

30µm   1375V/mm   60fps «Living crystals «or active «entangled matter» 



135 

 

 

Enhanced Oil-Recovery by means of nanofluids 

(Dept. of Petr. Eng. & Appl. Geophys. NTNU) 

 

 

 

Structural colours: Biomimetic etc 

(Dept. of Physics, NTNU) 

 

 

 

Pickering foams for new construction materials 

(Dept. of Physics, NTNU) 

 

 

 

 

 

Magnetic control of Pickering drops 

(Dept. of Physics, NTNU) 

 

+ nanoparticles 



Curiosity driven research 



 
 
 
 
 
 
 

Questions? 

Thank you for your attention! 


