
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 



Chameleons can change their color in less than 1 second 



Examples from wikipedia: 



Polydopamine (PDA) shell layers  
+ core polystyrene (PSt) particles 



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.  

One of many examples of self-assembly: The coffee stain effect: 



Self-assembly: 
Emergent patterns, more is different 



How nature works: 
Bottom-up Self-assembly 

Scientific challenge of nanostructured self-assembly: 
Combination of Top-down and Bottom-up: 

Human made design: 
Top-down assembly 

Another pile of rocks 



Example of self-organization: Liquid Crystalline Phases 

Order Parameter = O.P. 
= Angular distribution function 
= S2 = ½<3cos2θ-1> 
 

Isotropic Phase  
(O.P. = 0) : 
No orientational order, 
no positional order  

Nematic Phase  
(O.P. ≠ 0): 
Orientational order, 
no positional order  

Order Parameter 
(0<O.P.<1) = Angular 
distribution function 

Particle concentration, Electric fields, Magnetic fields, Etc. 



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.  



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: Dynamic dipole instability 

𝜏𝜏𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 

Polarization is parallell  
with the applied field 

Polarization is anti-parallell with the applied field, 
Unstable dipole. 

T.B. Jones, IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. IA-20, NO. 4, 1984 

𝜏𝜏𝑓𝑓𝑝𝑝𝑓𝑓𝑝𝑝𝑓𝑓 =
𝜀𝜀𝑓𝑓𝑝𝑝𝑓𝑓𝑝𝑝𝑓𝑓
𝜎𝜎𝑓𝑓𝑝𝑝𝑓𝑓𝑝𝑝𝑓𝑓

 

𝜏𝜏𝑓𝑓𝑝𝑝𝑓𝑓𝑝𝑝𝑓𝑓 >
 
𝜏𝜏𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜏𝜏𝑓𝑓𝑝𝑝𝑓𝑓𝑝𝑝𝑓𝑓 <

 
𝜏𝜏𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 



No radius dependence ! 



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» 





Interaction of Quincke  
rotating beads 



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 



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) 



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: 
 

ApγOW ~ 10000 kT for microparticles 



Surface roller 
Pair rollers 

Kicking off one another, or rolling on a surface 



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 



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 



Solid to liquid transition of the particle layer occurs 
when we increase the E-field 



MUD 
is Soft Matter 

Soft (rheology),  
sticky (adhesion),  
slippery (friction) 

Soft matter = 
Liquid + Solid 
 
Complex materials  
buildt from 2 or more 
components 

Soft in processing, 
can be hard in use 

Health and  
well-being 



The oldest surviving piece of art: 
 
The oldest sample known of baked clay:  
 
Figurine: "Venus of Vestonice"  
 
Found in 1920 in the Czech Republic.  
 
Approximate age: 23000 B.C.  
(Dated from mammoth bone ash in the clay) 

Clays in ART 



Bio- 

Materials 
science 

inspired Geo- 

Nature- 



BM01—Multiscale Mechanobiology and Biomechanics—Theory, Experiments, Computations 
BM02—Multiphase Fluids for Materials Science—Droplets, Bubbles and Emulsions 
BM03—Biological and Bioinspired Materials for Photonics and Electronics—From Living Organisms 
to Devices 
BM04—Biomaterials for Regenerative Engineering 
BM05—Polymer Gels in Materials Science—3D/4D Printing, Fundamentals and Applications 
BM06—2D Nanomaterials in Health Care 
BM07—Emerging Materials and Devices for Engineering Biological Function and Dynamics 
BM08—Materials Design for Neural Interfaces 
BM09—Stretchable Bioelectronics—From Sensor Skins to Implants and Soft Robots 
BM10—Bioinspired Interfacial Materials with Superwettability 
BM11—Modeling, Characterization, Fabrication and Applications of Advanced Biopolymers—
Where Form Meets Function 
BM12—Biomolecular Self-Assembly for Materials Design 



Our main motivation for studying clays is 
that clays may be viewed as good 
representative model systems for soft 
condensed matter and complex 
materials, with ”near” applications. 
 

Question to ask: 
How does nano-scale physics (fex. clay 
nanostructures) translate into 
macroscopic (fex. clay flow) behaviors? 
 
http://www.folk.ntnu.no/fossumj 
http://www.ntnu.edu/physics/complexmaterials/softcomplex   



Some of our interconnected clay activities: 
 
Macroscopic properties of (clay) gels:  
Elasticity, flow, fracture processes. 
 
Molecular transport and capture in clays and 
related porous media: Capture /release of 
molecules. Diffusive processes. 
 
Self-organization from nanoparticles:  
Spontaneous and guided self-organization. 
Smart materials. Composite materials. 

http://www.ntnu.edu/physics/complexmaterials/softcomplex 



F. Bergaya, B. K. G. Theng, and G. Lagaly, 
editors. Handbook of Clay Science.  
Elsevier, 2006 

As clays and clay materials are 
abundant, inexpensive and 
environmentally friendly, they 
will most likely be known as the 
materials of the 21st century. 

Clays have a remarkable multitude of practical uses and relevances: 



Clays are the smallest mineral particles 
around: 





Clays are nano-/micro-particles: 

1 nm thick ”nanocards” 100 nm thick nanolayered particles 
”decks of nanocards” 

~ µm 
~ µm 

Two basic forms at nano-/micro-scale: 



Scan size  
25µm x 25µm 

370 
nm 

5µm x 5µm                    1.2µm x 1.2µm 

AFM images of clay stack: 

http://www.ntnu.edu/physics/complexmaterials/softcomplex 



Important for structures and behaviors: 
 

 
Clay particle platelet shape 
 

Charged clay surfaces 

Negative surface charge 
compensated by cations 
 
Small positive edge charge 



  

Each individual swelling (smectite) clay card is a 
mesoscopic single crystal with a well defined crystal 
structure, consisting of three atomic layers, two 
identical outer layers (Si + O), and a single middle 
layer (metals + OH), thus the name 2:1 clays: 

Cation 



∼ cm ∼µm 

The nano-/meso- structures behind clayey behaviour 



Nanoparticles 

Atoms or molecules 

Le
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Nanoparticle 
aggregates 



SELF-ORGANIZATION 
OF CLAY PARTICLES 



Isotropic 
Phase 

Nematic Phase 

Crystalline Phase 

from particles with shape, fex. rods: 

LCP = Liquid Crystalline Phases 
Chemistry     Physics 

LCD  
technology 



Nematic order of discs: 
LCP = Self-Organized Liquid Crystalline Phases 

Clays are disc-like  
nano-/micro- particles: 



Alignement of particles with shape (i.e. not spherical) has 
been of basic scientific interest to physicists and chemists for a 
long time: 

Langmuir did pioneering experimental work in  
1938 on finding liquid crystal structures in a clay.  

Irving Langmuir: Nobel Prize in Chemistry 1932 

J. Chem Phys. 6, 873 (1938) 



Liquid 

Nematic like gel or glass? 

Isotropic gel or glass? 

Sediment 

4 ”Phases” in same  
Sample Tube 

Clay 
powder 

About 3 % in weight 

Pure Water 
NaCl 

 
About 10–3 M 

After 
some 
days  
of 
gravity 
settling 

Basic 
clay 
particle 

~µm 

~100nm 

One of our experiments: 
http://www.ntnu.edu/physics/complexmaterials/softcomplex 

Orientational order in gravity dispersed clay colloids:  
A synchrotron x-ray scattering study of Na-fluorohectorite 
suspensions. E. DiMasi, J.O. Fossum, T. Gog, and C. 
Venkataraman. Phys.Rev. E 64, 061704 (2001) 



a and b  
are ”typical”  
nematic defect 
signatures: 
Disclinations 
("discontinuity" in 
the "inclination" 
of the director) 

Nematic textures in colloidal dispersions of Na-fluorohectorite synthetic clay. N.I. Ringdal, 
D.M. Fonseca, E.L. Hansen, H. Hemmen, and J.O. Fossum. Phys.Rev. E 81, 041702 (2010) 



Self-organization by sedimentation clay particles in H2O: 



”Repulsive nematic” 
”Wigner glass” 

”Attractive nematic” 
”Gel” 

Particles push each other out  
towards container walls,  
               nematic 
at high enough concentration 
           ”large” domains 

Particles ”catch each other” in 
DLVO local minima 
           small domains 

Increasing salt: 

Observations of orientational ordering in aqueous suspensions of a nano-layered silicate. 
J.O. Fossum, E. Gudding, D. d.M.Fonseca, Y. Meheust, E. DiMasi, T. Gog and C. 
Venkataraman. Energy The International Journal, Volume 3, 873 (2005) 


