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S Y N O P S I S



1 introduction

Figure 1: Feedback loop between fric-
tion and dynamics of the sys-
tem

Friction is the resistance to relative motion between
two surfaces[1, 2]. It manifests itself at scales rang-
ing from the atomic[3] to the geological [4, 5]. There
are two distinct regimes of friction- static and kinetic.
For external forces less than a threshold value, the
force of friction balances the external force and there
is no macroscopic relative motion. This is known as
the static friction regime. The ability of the system
to adjust the value of the force of friction to balance
the external force means that the contacts reconstruct
in presence of the applied external stress[6]. As the
external force exceeds a threshold value, relative mo-
tion sets in. This regime is known as kinetic friction
regime. Friction causes dissipation of energy and to
maintain constant motion in presence of friction, one
needs to pump in energy in the system. As in the case
of static friction, an essential and unavoidable aspect
of kinetic friction is the reconstruction of the surfaces
involved[2]. In everyday life we are familiar with the
wear arising because of friction. However the effect
need not be so dramatic, for example there could just be redistribution of charges between
the two surfaces- a phenomenon known as tribolectricity[7, 8]. The reconstruction of the
surfaces- be it wear or triboelectric charging, modifies the interaction between the two sur-
faces and this in turn influences the dynamics of the system. Hence there exists a feedback
loop between the dynamics of the system and the frictional interaction with the substrate.
This feedback loop could possibly lead to organisation in the system.

1.1 Overview
This synopsis is arranged in the following order. We begin with our experiments on a collec-
tion of macroscopic spherical grains under orbital driving (described in section2). A spherical
particle driven over a surface has two accessible states- rolling and sliding. These two states
differ by an order of magnitude in the force of friction. In this section we explore the or-
ganisation of the system achieved through intermittency between rolling and sliding states.
In the next section we consider the evolution of the dynamics in a similar system but with
larger number of particles as triboelectric charging sets in. We next consider the situation
where triboelectric charge separation over a large length scale is facilitated by the choice of
dissimilar materials for the particles and the vial. In this case we emphasize on the evolution
in the static structure as the system goes through a sequence of distinct self-organizations
with instabilities marking the transition from one to the other. We then move onto a colloidal
system where we study the dynamics involved in one complete “stuck-sliding” cycle of a
particle in weak adhesion with a flat plate. In the concluding section we consider an analo-
gous scenario where a particle is trapped in a multiwell potential created using a holographic



optical tweezers. We study the dynamics of this system and use it as a technique to measure
the optical tweezers potential over its full range.

2 self-tuned friction induced organization in driven gran-
ular matter

Granular matter loose energy through inelastic collisions and friction. Hence to study the
dynamics of granular matter, one needs to drive the system continuously. Various drive
geometries are employed for this, e.g. vertically/ horizontally vibrated, pipe flow, Taylor-
Couette flow, chute flow, horizontal rotating drumhead. We are interested in a drive that
leads to strong frictional interaction with the substrate. For this we use the orbital driving
(see Fig.2). In this mode of driving, we take a cylindrical container (radius R) and move its
centre on a circular orbit of radius d, at a constant speed 2πfd. In this process the cylinder
has no spin about its axis, i.e., in the lab frame the orientation of the cylinder remains fixed.

Figure 2: Orbital driving. The centre of a cylindrical vial with particles in it moves on a circular orbit
in such a way that its orientation in the lab frame remains fixed.

We now consider how this drive operates on a particle placed inside the cylinder. For this
we consider the top view as shown in Fig. 3A. The center of the cylinder is marked as O. It
moves in a circular orbit centered at C. The line CO intersects the cylinder at point M (in 3D
it is a line which we call the reference line in the text). A single particle (mass m) is shown at
a position P on the wall of the cylinder. The particle is at an angular position δ with respect
to OM, i.e., ∠MOP = δ. In the reference frame of the cylinder, a centrifugal force Fc acts on
the particle directed radially outwards form the centre of the orbit. Fc = m(2πf)2r, r being
the distance of the centre of the particle from the centre of the orbit. Since the center of the
cylinder is off-shifted from the center of the orbit by a distance d, depending on the particles



angular position, Fc makes an angle ψ with the normal to the surface. The components of Fc
along normal and tangential to the surface are FN and FT respectively:

FN = Fccos(ψ) = m(2πf)2(R+ dcos(δ)) (1)

and

FT = Fcsin(ψ) = m(2πf)2dsin(δ) (2)

It is helpful to think of FT as arising out of an effective potential Ueff, which moves over
the surface of the cylinder at a constant speed 2πfd. The present experiment, therefore, is a
specific example of the more general problem where one studies how a multiparticle system
placed in a potential moving over a surface organises.This is shown schematically in Fig.3B.

The angular lag between the position of the particle and the reference line is related to the
frictional interaction characterized by the coefficient µ and can be quantified by balancing FT
and the frictional force, FF = µFN, i.e., m(2πf)2d sin δ = m(2πf)2(R+ d cos δ)µ, thus

µ =
d
R sin δ
d
R + cos δ

(3)

The angular lag δ is small for a sphere which does pure rolling as compared to a disc which
slides (see Fig.3C). The corresponding values of µ for the two cases obtained using equation
(3) are 0.01 and 0.3, respectively. Unlike the friction along the circumferential (δ) direction, the
friction along the vertical direction is velocity dependent. This is evident from the observation
that a particle inserted from the top in presence of the orbital drive, descends along the wall
with a constant velocity (Fig. 3D).

As we add more spherical particles to the system, we observe the growth of a structure
that fills only one half of the potential Ueff. Fig.4A shows images obtained for number of
particles, N=1, 10, 100 and 1000 for f=28Hz. The most remarkable feature in these images
is the formation of a vertical front end whose position is independent of N and coincides
with the position of the reference line. The red line in each image shows the position of the
reference line. Although the positions of individual particles vary in time the overall shape
is robust. The full profile averaged over 50 cycles is shown in Fig. 4B. The outline of the
obtained shape is marked by dash-dot line. The outlines of the shapes for various values of N
(Fig. 4C) can be all collapsed onto a single curve by scaling both the axes by a common factor
α (∼ N0.33) (Fig. 4D).

We note that the vertical front edge which is positioned near the minimum of the potential
does not shift with more particles being added into the system (Fig.4C). The structure keeps
growing asymmetrically on one side. This implies that the vertical front edge does not see
the force acting on the particles in the rear. There exists some internal dynamics that screens
the transmission of stress from the rear to the front of the structure. This is possible when a
local force balance between FT and FF is obtained everywhere in the system. However, if we
consider the variation of FT and FF with δ, they cannot balance each other at different values of
δ for a constant coefficient of friction µ. Now, although the coefficient of friction is a constant
between a given pair of materials, for a spherical particle two distinct values are possible,
corresponding to pure rolling and sliding, respectively. The two values are well separated. In
addition, by intermittently rolling and sliding the particle can have a time- averaged value
of coefficient of friction which is intermediate between these two extreme values. In our



Figure 3: (A) Top view showing the centrifugal force (Fc) on a particle at P, in the reference frame of the
cylinder(filled blue circle) whose centre O moves on circular orbit (black solid line) centred
at C. The force Fc points radially outwards from C and has components FN and FT directed
normal and tangential to the surface of the cylinder. (B) The effective potential due to the
force FT moves on the surface of the cylinder at speed 2πfd. We study the organisation
of spherical particles placed in this moving potential. (C) Probability distribution of the
angular position δ of a spherical (grey) and a disc (green) shaped particle. The insets show
instantaneous positions of these particles. The red dash-dot line in the figure and the white
lines in the inset correspond to the reference line. (D) The descent of a spherical particle
along the vertical wall of the cylinder in presence of the orbital motion. It descends with a
constant velocity v. The black and the blue curves correspond to particles of diameter 0.7
mm and 3 mm respectively.
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system, the force balance between FT and FF at individual particle scale is achieved through
auto-tuning of µ by intermittent rolling and sliding motion. The particles close to the leading
front are in a purely rolling state while those in the rear are sliding. In the intermediate
position they intermittently shift between the purely rolling and the sliding states. Hence in
the present system the time averaged coefficient of friction is a self-adjusting quantity whose
value depends on the angular position. Similar to sandpiles, the slope (tan ξ = dh

dδ ) of the rear
arises from a balance between the force of gravity and friction. In the present system friction
increases with angular position and so does the slope (see Fig.4E).

The hypothesis is supported by results obtained using doughnut shaped particles. For these
particles there are two possible orientations on the vertical wall- in the orientation marked (a)
(see the inset of Fig. 4F) the particle rolls on the underlying surface, while in the orientation
marked (b) (see in-set to Fig. 4F) the particle slides, no rolling is possible in this orientation. In
the structure observed in the experiment, we notice that the particles close to the leading front
are in orientation (a) while those towards the rear are in orientation (b). This clearly illustrates
the coexistence of two states in the system- close to the leading front there is rolling, however
in the rear there is sliding.

To further substantiate our claim that intermittency between rolling and sliding is crucial
for the observed phenomenology, we use disc shaped particles where rolling is suppressed
and only sliding is allowed. As a result, self tuning of friction is not possible in this case.
Fig. 4G shows a typical structure obtained for N = 30. The circle marked in red corresponds
to the experiment with N = 1. We note that the structure for N = 30 has grown symmetrically
about that for N = 1 in contrast to what happens for spherical particles. This is also evident
from the symmetrical growth of the angular variation in density in this system as shown in
Fig. 4H for three different values of N.

3 triboelectricity induced instability
For large number of particles the structure is no longer confined to a two-dimensional layer.
A heap of particles moving with the drive is formed (Fig. 5A). As the particles move over the
surface there is frictional interaction between the particles and the surface. Also the particles
collide among themselves. This leads to a charge redistribution in the system- a phenomenon
known as triboelectric charging. The nature (length scale) of charge separation depends on
the materials and the geometry involved. In the experiments described in this section, the
cylindrical vial and the spherical particles used are both made up of glass. If the particles and
the substrate are made up of identical materials the charge separation is expected to appear
on a small local length scale, viz., particles acquire charge depending on the small difference
in their sizes[9]. This causes the frictional interaction to change. As a result the dynamic
structure of the system changes with time (Fig. 5B). In particular the height of the structure is
observed to decrease with time (Fig. 5C). To begin with, the system follows the drive. After a
critical time (∼ 80s), the height falls below a critical value and the system starts to oscillate at
a frequency different than the drive frequency (Fig. 5D). In a system driven for long enough
time, the height of the heap as a function of f2 shows a saturating behavior (see the inset to
Fig.5C). This is in contrast to the behavior of a simple liquid, in which case h ∼ f2.



Figure 5: (A) For large number of particles a heap outlined by the yellow line begins to form. (B)
Sequence of images at times marked above the figures showing the evolution in structure
of a system consisting of ∼ 105 glass particles of diameter 100µm in presence of a constant
drive at f = 30Hz. (C) The variation of height of the heap, hh with time. Inset: In a system
driven for long enough time, the height saturates with frequency (filled circles), in contrast
to a conventional liquid where h ∼ f2. (D) The variation in the cumulative intensity of the
yellow box marked in the first panel of B with time. A stable system to begin with starts to
oscillate after a critical time (∼ 80s) at a frequency different than the drive frequency. The
insets show the typical structures in the two regimes.

4 spreading of triboelectrically charged granular matter
In these experiments, we choose different materials for the particles and the vial, viz., glass
particles and plastic (either polypropylene (PP) or polystyrene(PS)) vial. It is known that
when two surfaces made up of glass and plastic are rubbed against each other, electrons
get transferred from the glass to the plastic [10]. The sequence of dynamic (in presence
of drive) images in Fig. 6B captures the evolution of this system in time. We calculate an
average intensity of the dynamic image, Id(i,h), over the lateral dimension (L): 〈n(h)〉 =
1
LId0

∑L
i=1 Id(i,h). Here Id0 corresponds to the average intensity of the image of a single

particle. In Fig. 6C the evolution of 〈n(h)〉, which represents the number density of particles,
is presented as a color-plot. We see that with time, particles stick onto the surface and a
dense and amorphous monolayer coverage of the vial surface up to height hin builds up and
remains nearly saturated for a long time interval (regime I). After a time tcw a new regime II
evolves, marked by a further and rapid growth in the front height, a seemingly hithertofore
unknown phenomenon which is, however, entirely absent in the same experiment performed
on conventional liquids. The time tcw depends inversely on the square of frequency i.e.,
tcw ∼ 1

f2
as well as the material properties of the vial (Fig. 6D).



Figure 6: (A) The experimental setup (B) Typical images (stroboscopic mode) of the system consisting
of 104 glass particles (diameter = 300µm) in a PP vial taken at certain instances of times
(marked in the sequence), while it is in orbital motion at f = 14Hz. (C) The evolution in
time of the number density of particles 〈n(h)〉 as a function of height. The numerical value
of 〈n(h)〉 is color-coded. The growth regimes I and II are marked. (D) The variation of
tcw as a function of frequency for glass particles in polypropylene (PP, black circles) and
polystyrene (PS, open circles) vials. The solid line has a slope of -2 in the log-log axis, i.e.,
tcw ∼ f−2. (E) The appearance of a modulation in the density of stuck particles with a
periodicity in the azimuthal angle in PP vial. The periodicity of the modulation depends
on the frequency of the orbital motion and the size of the particles. (F) shows this periodic
modulation at frequencies 14Hz, 20Hz, 25Hz, 30Hz and 40Hz. Inset shows the dependence
of the wavelength of the periodic modulation, Λ, on the particle diameter at f = 14Hz. In
regime I the system grows through random adsorption of particles on the surface of a PP
vial. This is shown in the images (static mode) in G. In the later part of regime II, layer
by layer growth takes over as is reflected in the sequence in H. (I) The qz (square) and qψ
(circle) corresponding to the first peak in the 2DFFT of the structure in regime I and regime
II as a function of time. The confidence interval of the data is marked by translucent bands.
Left and right insets are examples of 2DFFT obtained in regime I and II respectively.



4.1 Transverse stripes - precursor to regime II
The onset of regime II is preceded by distinct changes in the structure of the amorphous
monolayer of regime I. The static images (obtained while periodically pausing the drive) in
Fig. 6E show the appearance of a periodic modulation in particle density in the azimuthal
direction (transverse stripes) as observed in a PP vial. The angular distance between the
stripes (Λ), increases with f (Fig. 6F) and the particle diameter a (Fig. 6F inset). The stripes
are presumably accompanied by the formation of a similarly periodic spatial modulation of
counter-charge density on the surface of the vial. This makes the modulation temporally
robust and therefore observed in the static images too, as shown in Fig. 6E.

4.2 Vertical streaks - onset of regime II
The formation of regime II is initiated by the emergence of a few-particles-wide vertical
streaks that always originate from the tips of the stripes (see the image corresponding to
tw = 7000s in Fig. 6E). The large number density of particles in the stripe presumably local-
izes the charge and thus enhances the emanating electric fields leading to a breakdown-like
flow of both particle- and charge-currents which initiates regime II. At long times, however,
these streaks gradually diffuse in the transverse direction and eventually merge to form a
uniform growing front, as shown in the fourth panel (tw = 9000s) in Fig. 6E.

4.3 Contrast in the structure of the stuck monolayer in the two regimes
In addition to the large change in the front velocity, the two regimes are very different in terms
of their growth kinetics and structure. Fig. 6G and 6H show a sequence of time-lapsed images
of the growth in regimes I and II, respectively) in a PP vial. In regime I, the monolayer is
formed by random adsorption of particles to the surface of the vial. The monolayer in regime
II, in contrast, evolves by sequential adsorption of particles and a layer by layer growth of
the spreading front. Furthermore, regimes I and II, yield disordered and layered structures,
respectively. Two-dimensional Fast Fourier Transform (2DFFT) images of the two cases are
shown, respectively, in the left and right inset of Fig. 6I. The variation of qz and qψ, the
wave vectors corresponding to the first peak of the 2DFFT along the axial and circumferential
directions respectively, is shown in Fig. 6I. In regime I, (i) the system is isotropic, i.e., and (ii)
both qz and qψ increase logarithmically in time. But in regime II, (i) the structure near the
spreading front is anisotropic, qz < qψ, and exhibits periodicity in the axial direction (regions
of localized ‘spots’ in the Fourier images) and (ii) qz and qψ remain constant in time.

4.4 Size sorting in polydisperse systems
If the present system consists of particles of various sizes, the static structure in regime I
shows a distinct size sorting effect. The particles of different sizes segregate into distinct
regions vertically with very sharp interfaces (Fig. 7). The smallest size particles are at the top
and the largest size at the bottom.



Figure 7: The static structure in regime I for a mixture of glass particles
of three different diameters- 500µm, 200µm and 100µm. In
the monolayer formed on the wall, the different sizes separate
out vertically in three distinct regimes- the smallest at the top
and the largest at the bottom.

4.5 Electrical measurements
The phenomenology described above depends crucially on charge generation in the system
due to triboelectricity. However, the charges developed are small and difficult to measure
using conventional electrometer techniques. A lock-in based phase sensitive technique has
been used to monitor the charge in the system. The circular motion of the vial induces an
oscillatory current in an electrode placed near the vial at a fixed location in the laboratory
frame (Fig. 8A). The amplitude (i0) of the induced current is proportional to the local un-
compensated charge in the system near the electrode. The phase (δ) measures the lag in the
induced current with respect to the vial’s motion in the orbit. We use trigger pulses generated
by the position sensor (TCTR 5000) as the reference signal for the lock-in measurement.

Figure 8: (A) The in-situ charge measurement technique. The circular motion of the vial induces an
oscillatory current in the electrode placed nearby at a fixed location in the lab frame. The
oscillating current is measured using a lock-in amplifier. (B) The amplitude and phase of the
current measured using this technique during the experiment in Fig. 6C

The time evolution of i0 and tan δ for the experiment described in Fig. 6B is shown in
Fig. 8B and 8C, respectively. This method does not measure the net charge on the particle
or the substrate. Instead, it is sensitive to the charge imbalance (δQ) at a local scale, i.e.
near the electrode. The phase is sensitive to the motion of the charges with respect to the
surface of the vial. A typical measured i0 ∼ 1nA (Fig. 8B) corresponds to a net unbalanced
charge of 106charges/cm−2. This provides a lower bound of 10−14C of charge per particle



(diameter = 300µm). Alternatively, the average charge acquired by the glass particles in the
experiment is measured by pouring the particles into a Faraday cup connected to a Keithley
6514 system electrometer. This method provides a value of charge per particle (diameter =
300µm) to be equal to 10−13C. Near the end of regime I, one observes a rise in i0 and a
distinct cusp in tan δ at a time which precedes tcw. These precursor events lead to the onset
of regime II.

4.6 Single particle kinetics
We explore the single particle kinetics in the system to gain an insight into the observed
evolution of the system through a sequence of distinct structures. For small values of tw
the particles move with a velocity 2πRf as illustrated in Fig. 9A. A fraction of the particles
get stuck to the surface of the vial with increasing time. Typical time traces of the angular
position (∆θ) of stuck particles under the influence of the periodic forcing due to the orbital
motion at three different values of f(10, 12, 14Hz) are shown in Fig. 9B. It exhibits an oscillatory
behavior with an asymmetric forward and reverse motion. In terms of particle motion, the
system has developed a length scale, viz., the amplitude of the oscillatory motion. We think
that the appearance of this amplitude is related to the transverse periodic stripes and the
subsequent jet formation. This hypothesis is supported by the observed consistency between
the frequency dependence of the amplitude of the oscillatory motion and of the wavelength of
the transverse stripes. The inset of Fig. 9B shows the probability distribution of the amplitude
of the forward motion (θ0, marked in Fig. 9B) and the drift velocity (v), calculated from the
time traces of hundreds of stuck particles driven at f = 12Hz. The velocity distribution is
particularly broad and highly asymmetric.

Figure 9: (A) At the beginning of the experiment the particles follow the drive (∆θ ∼ 2πft). With time
a fraction of the particles stick onto the vial surface. (B) Typical time traces of the angular
position of stuck particles (d = 300µm) at three different values of f measured at a given
value of tw << tcw. The two insets show the distribution in the amplitude of the forward
motion, (θ0) and the drift velocity (v) obtained over hundreds of stuck particles at f = 12Hz.



The motion of a single particle under the periodic forcing is captured in a simple over-
damped equation of motion: ΓRdθdt = m(2πf)2d sin(θ− 2πft) where Γ is the measure of the
frictional coupling. The term on the right hand side is the tangential component of the cen-
trifugal force at the angular position (θ) of the particle on the vial. In general, this coupling
depends on the stress history of the system[11, 12] and is typically viscoelastic[13], hence Γ
is a complex quantity (= Γ ′ + iΓ ′′)[14] . Microscopically the real part of Γ is related to the
dissipative mechanisms in the system. This can arise due to inelastic inter-particle and sub-
strate particle interactions. In the present scenario, the dissipation in the substrate-particle
interactions is mainly due to the resistive losses associated with the ionic current in the vial.
The spatial variation in the electrostatic potential between the particle and the substrate pro-
vides the elastic coupling of the particles to the local energy minima (pinning sites)[14] and
is related to the imaginary part of Γ . Since we observe that the particle moves over distances
much larger than the typical interparticle separation, we may neglect the imaginary part of Γ
in the present analysis. In the limit 2πfmdRΓ > 1 , at long time, θ ∼ 2πft, which is representative
of the motion of the particles for small tw (Fig. 9A). For 2πfmdRΓ < 1 , θ oscillates between two
extremes that drift linearly with increasing time.

Hence in the present problem, while the frictional interaction with the substrate determines
the motion of the particles, the motion modifies the interaction through triboelectric charg-
ing. This coupling between the frictional interaction and collective dynamics of the particles
ensures that both evolve in a self-consistent manner through a sequence of self-organised
structures separated by instabilities that lead from one structure to the other.

5 dynamical instabilities of a brownian particle in weak
adhesion

The experiments described till now involved granular system consisting of macroscopic par-
ticles which are athermal with regards to the motion of the particles. We now consider a
system consisting of micron sized colloidal glass particles over a glass plate. These particles
are suspended in a fluid medium and are Brownian. The experimental setup is shown in
Fig. 10a. We have studied a single “stuck-sliding” cycle of such a system under an external
restraining force applied using an optical tweezer of stiffness kopt. In the present experimen-
tal situation, the microscopic cohesive stiffness of bulk silica, (∼ G` = 10N/m [15], where
G ∼ 100GPa [16] is the Young’s modulus and ` ∼ 1Å a typical lattice constant) is many orders
of magnitude greater than the measured adhesive coupling stiffness (∼ 100µN/m) between
the silica particle and a glass plate (P). Thus the system is in “weak adhesion”, in analogy
with “weak pinning”, where the mechanics of the interfacial region alone is relevant. The
coupling between the particle and the plate including the effect of the surrounding fluid can
be characterized by a micro-rheological parameter with both elastic and viscous parts[17, 18].
If the elastic stiffness of the contact is k ′p and the viscous damping factor is Γ then the complex
quantity iωΓ + k ′p characterises the coupling between the particle and the plate and has been
defined as an effective complex stiffness k∗p(= k ′p + ik ′′p), where k ′′p = Γω. Fig. 10b shows
a schematic of a simple mechanical equivalent-circuit, where the particle is simultaneously
coupled to two springs representing the plate and the tweezer, i.e., potential wells, P and T,
respectively, and a dashpot representing the net damping.



Figure 10: a) Experimental setup. (b) an illustration of the mechanical coupling of the particle with
the optical trap (T) and the glass plate (P) indicated by a spring and a standard linear
solid respectively. The arrows through the springs indicate variable strengths. The relative
amplitude ( |xres|xp0

) and the tangent of the phase (tan∆φ) of a 5µm silica particle with respect
to the plate in response to the external ac driving as a function of kopt is plotted in (c) and
(d) respectively for Cs = 30mM. e) Mean square thermal fluctuation in the position of the
particle without external ac drive. The circles and the triangles correspond to the forward
and reverse cycle of kopt. (f) The force (Ft)-displacement (∆x) curve for Cs = 30mM

(circles), 20mM (triangles) and 0.25mM (squares). The inset to (f) shows schematic of the
nature of contact, found to behave like a standard linear elastic solid. (g) Variation of
k ′p − k ′

p,(Ft=0)
with Ft scaled with ks and Ftht respectively for different values of Cs(stars

for 0.05mM , triangles for 20mM and circles for 30mM) forms a master curve empirically

found to have the form
k ′p−k ′p,(Ft=0)

ks
= 1− e

−
Ft
Ftht (shown by the solid line).



5.1 Dettachment Process
The plate (xp represents the position of the plate) is subjected to an in-plane oscillation at
a typical frequency f = 1.5Hz: xp = xp0e

i2πf , while the optical tweezer is held fixed thus
subjecting the contact between the plate and the particle to an in-plane oscillatory shear force.
The resulting in-plane motion of the particle of an amplitude |xres| and a phase difference ∆φ
with respect to the plate is measured using a lock-in amplifier: xres = |xres|e

i(2πf+∆φ). Fig. 10
(c), (d) and (e) show the variation of the particle’s motion: |xres|

xp0
, tan(∆φ) = Im(xres)/Re(xres),

and thermal fluctuations in the particle’s position in absence of external drive 〈δx2〉 , respec-
tively, as a function of increasing (circles) and decreasing (triangles) kopt for Cs = 30mM.
The stability of the particle in either well is tuned by raising or lowering kopt which causes
a tilt, altering the height of the energy barrier between them. The transition of the particle
from the P(T)-well to the T(P)-well is abrupt in all these measured quantities. They are also
strongly hysteretic, i.e., the transition from T (P) well to P(T) occurs at a smaller (larger) kopt
also illustrated by the particle’s residence in one of the two wells. Moreover, the F− x curves
are distinctly non-linear for smaller Cs, i.e., the potential is non-harmonic. A plausible expla-
nation is that tangential forces incrementally reform/reconstruct the contact region leading
to a greater enhancement of force with incremental displacement. We further observe that
the variation of k ′p − k ′p,(Ft=0)

with Ft for various values of Cs can be made to form a mas-
ter curve by normalizing the abscissa and the ordinate with scaling parameters ks and Ftht
respectively (Fig. 10g). The values of k ′p,(Ft=0)

, ks and Ftht are obtained by fitting each data

set to an empirical form of the master curve:
k ′p−k

′
p,(Ft=0)
ks

= 1− e
−
Ft
Ftht .

5.2 Reattachment Process
The process by which a particle, initially in the tweezer potential T, reattaches to the plate re-
veals the role of stochastic dynamics. In this experiment, we turned off the tweezer potential
and monitored the time evolution of the particle’s trajectory in the x-y plane. Fig. 11a (i), (ii)
and (iii) show the time evolution of the particle’s distance measured from its position at t = 0
when kopt is turned off, for Cs=0.05 mM, 10mM and 30mM respectively. The particle under-
goes nearly free diffusion for a “residence time” tR at which point it undergoes an instability
and enters a regime of slow diffusion. Most remarkably the hindered diffusion has spatial
signatures. The trajectory begins with a rapid diffusion for tR ∼ 7 seconds (marked α) and
then enters a highly hindered region (β). Upon further amplification, the patch correspond-
ing to β shows a subdivision into three distinct patches, β1 , β2 and β3. The residence time
is found to increase as the system progresses, in a punctuated manner, from one patch to the
next, e.g., tR = 38, 136 and > 197sec for β1 ,β2 and β3, respectively. The spatial substructure
in the patch β2 shows an even smaller scale of patchiness upon further amplification. These
results show spatially distinct and hierarchical basins of attraction or “cages”. This is further
shown in Fig. 11c by the mean square displacement (MSD) for the four time intervals marked
by the entry into the different spatial regions. Each subsequent plot shows a rapid decrease
in the overall MSD implying that they represent progressively deeper potential minima in
a punctuated manner[17, 18, 19]. The system’s punctuated descent down the energy land-



Figure 11: a) (i) , (ii) and (iii) show the distance traveled by the particle from its position at t = 0

when kopt is switched off, for Cs = 0.05mM,10mM and 30mM respectively. The particle
undergoes nearly free diffusion for a “residence time” tR and then diffuses more slowly.
The corresponding trajectory in the xy plane for 30mM is shown in (b). The colour scheme
describes the time elapsed from t = 0. The patchiness in the trajectory has been marked
out as α and β. β has been amplified to show three sub-patches β1, β2 and β3. β2 has
been further amplified to show the underlying sub-structure. Their corresponding MSD’s
are shown in (c). The MSD’s calculated for the patches α, β1, β2 and β3 are shown
in black, red, blue and green respectively. They progressively decrease, demonstrating
marked aging.



scape suggests that adhesion between two objects left in contact with each other in absence
of external forces will improve with time but in a discrete manner.

6 transition of a particle between adjacent optical traps

Figure 12: (a) shows the time series of position of a colloidal particle trapped in a particular configura-
tion madeup of two optical traps. The particle thermally explores the potential landscape
to reveal multiple minima. (b) is the reconstructed potential using the time series in a) cal-
culated as the logarithm of the probability of occupancy. The colorbar shows the depth of
the potential in units of kBT and black represents the region that the particle never occupies
during the experimental time scale. The arrows running between (a) and (b) illustrates the
various minima.

Fig. 12 shows a situation analogous to that described in the last section – a particle placed
in a multiwell potential landscape. Here the potential landscape is generated by superposing
two optical tweezer potentials placed adjacent to each other. The technique of holographic
optical tweezing is used to generate the multiple optical traps from a single laser beam[20, 21].
The Brownian particle toggles between the various available minima and the residence time
in each minimum is related to the relative depth of the potential[22]. The method can be used
to measure the potential profile of a tweezers[23]. However similar to other popular methods
the limitation that only a small part of the potential near the minimum is explored exists[23].
It does not give the profile of the tweezers potential over its entire range.

We have circumvented the difficulty by studying the transition of a colloidal particle be-
tween two spatially separated optical traps as a function of the relative intensity, p and the
distance between them D. Fig. 13A shows the phase diagram involving the number of min-
ima expected in the potential created by superposing two optical traps, as a function of their
relative intensity p and D obtained from simulation based on the scattering theory using
the “optical tweezers computational toolbox” developed by Nieminen et al[24]. Here D is



Figure 13: (A) Phase diagram showing the number of minima in the potential for various values of
the relative intensity, p, and separation, D. The forms of potential at different points in
the p-D plane is shown in the bottom panel. (B) Motion of the particle as the relative
intensity between the two traps is changed, for separations Dλ= 1.5µm, 3.6µm and 5µm
is shown in a), b) and c) respectively. The onward run is shown in square (black) while
the return run in circles (grey). The corresponding bottom panels are the curves obtained
from numerical calculations for identical parameters. (C) The force-displacement curve for
optical tweezers obtained from x vs p curves shown in B. The scatterplot in the inset shows
the powerspectrum of fluctuation in position in the configuration p = 0. The solid line is
a Lorentzian fit to the data, giving a corner frequency of 12 Hz. Using this, we calculate
the small displacement limit (dotted line) of optical trap stiffness, which has been used
to provide the physical scale to the experimentally obtained force-displacement curve. The
curve obtained from numerical calculations employing scattering theory is shown as a solid
line.



expressed in units of the wavelength λ. The form of the phase diagram suggests that the
phenomenon can be understood in terms of a “butterfly catastrophe”, one of the seven el-
ementary catastrophe. Fig. 13B shows the position of a trapped particle as a function of
increasing (squares) and decreasing (circles) values of p. Fig. 13B (a), (b) and (c) correspond
to Dλ = 1.5, 3.6, 5µm, respectively. For Dλ = 1.5µm < Dcλ (Dcλ being the critical distance
below which the potential has a single minimum for any value of p), the particle moves con-
tinuously and reversibly from the center of one trap to that of the other as p is changed from
0 to 1. The nonlinear variation in the position as a function of p is a manifestation of the an-
harmonicity of the trap. For D > Dc, the transition of the particle from the initial to the final
state happens in a discontinuous and hysteretic manner, i.e., the external field-induced tran-
sition is first order. Fig. 13B (b) and (c) show the transition for Dλ = 3.6µm and Dλ = 5µm,
respectively. While in the latter case the transition happens in a single step, the former shows
two steps. The two-step transition arises because in this range of parameter values there ex-
ists a third minimum in the potential about x = 0, a feature of the butterfly catastrophe for
c = 0 and d > 0. The corresponding bottom panels (Fig. 13B ) show the results obtained by
numerical calculation using scattering theory.

The equilibrium position of the particle obtained as a function of p andD from various runs
like in Fig. 13B top panels have been used to determine the exact form of the trap potential
over its entire range. If we assume that the force-displacement curve for the two traps have
an identical form F(x), then for every measured equilibrium position x(p,D) the condition
that the forces acting due to the two traps must balance yields an equation : (1− p)F(x) +

pF(x−D) = 0. Discretizing the full range of x accessible in our experiment, we obtain a set
of linear equations, which are solved under a further assumption that F(−x) = −F(x). The
solution gives the form of F(x) upto an overall constant. This constant is fixed by measuring
the trap stiffness in the small displacement limit from the power spectrum of fluctuation in
position. The resulting force-displacement curve (connected circles) is shown in Fig. 13C; the
curve obtained from numerical calculation is shown as solid line. The inset shows the power
spectrum of position (circles) used to fix the overall scaling factor along with a Lorentzian fit
(solid line).
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Fext Applied external force

F th
ext sliding initiates for Fext > F th

ext

Ff Force of friction
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kint Magnitude of the stiffness corresponding to the object-substrate

interaction

R Particle radius

D Separation

ka Stiffness of the adhesive coupling

kc Cohesive stiffness of the object

U Interaction energy

F c
N Pull off force

γ Surface energy

σ Tangential stress

ξ Structural correlation length in absence of substrate interaction

ξ0 Structural correlation length in presence of substrate interaction

l lattice constant

µ Coefficient of friction

T Absolute temperature

F Free energy function

S Entropy

E Internal energy

A Hamaker constant

κ−1 Debye length

kB Boltzmann constant

ε0 Permittivity of free space
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Chapter 1

Introduction

1.1 Friction

One of the interesting consequences of the interactions across the interface between

two objects is the tendency to resist relative motion. This effect is known as

friction[1, 2]. It is a mechanism of dissipation, a process in which a part of the

kinetic energy due to the motion of the body as a whole is lost in the form of heat.

It is ubiquitous in nature and manifests itself in forms ranging from viscous drag in

fluids to dry friction between solid surfaces and at scales ranging from the atomic[3]

to the geological[4, 5].The phenomenon of friction in general involves some complex

and rich physics and continues to remain an intensely studied topic[6–12].

The origin and the nature of friction varies with the particular situation under

consideration. For example, the viscous drag experienced in a fluid environment

is understood to arise as a result of the diffusion of momentum[13]. The phe-

nomenon of diffusion is driven by thermal fluctuations which is an intrinsic feature

of any system at finite temperature. Hence there exists a fundamental relation-

ship between viscous dissipation in fluids and the thermal fluctuations, known as

the fluctuation dissipation theorem[13]. This theorem is based on the assumption

that a system perturbed slightly from thermal equillibrium responds in the same

way as it does for a spontaneous thermal fluctuation. On the other hand, friction

between two solid surfaces arises due to highly non-equillibrium processes at the

microscopic scale and shows a much more complex behavior.

3
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For example while viscous dissipation depends on the relative velocity in such a

way that as the relative velocity goes to zero the associated viscous force vanishes,

in the case of friction between two solid surfaces, a finite force of friction exists

even in the zero velocity limit. Consider the situation shown in Figure 1.1A. A

solid object is pushed against a solid surface by a normal force FN . An external

shear force Fext applied on the object tries to slide the object on the surface. In

response to Fext, a force of friction Ff appears in the system that opposes Fext. The

behaviour of Ff as a function of Fext is shown in Figure 1.1B. For values of Fext less

than a threshold value F th
ext no macroscopic displacement of the block is observed.

The force of friction Ff adjusts its value so as to balance Fext. This regime is

known as the static friction regime. However, as Fext exceeds the threshold value

F th
ext the force of friction Ff can no longer balance Fext and the object begins to

slide. In this regime, called the kinetic friction regime, the force of friction acts in

a direction opposite to the direction of motion.

Figure 1.1: (A) A solid block being pushed against another surface with a
normal force FN , while a tangential force Fext tries to move the block relative to
the surface. A force of friction Ff opposes the tendency for relative motion.(B)
The two observed regimes of friction. In the static friction regime no macro-
scopic motion occurs, while in the kinetic friction regime the block is sliding
over the surface.

In the regime of static friction the threshold force F th
ext depends on the strength

of the contacts and is observed to increase with the time of contact[1]. Further,

as the relative motion sets in, the force of kinetic friction is found to have a value

smaller than F th
ext. Moreover, the regime of kinetic friction has been observed to

show a range of interesting behaviours. For the situation shown in Figure 1.2A,

three distinct behaviour is observed depending on the values of the parameters

involved. In Figure 1.2B top panel the force of kinetic friction remains constant
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and the block slides uniformly over the surface. Figure 1.2B middle panel shows

the situation where periodic stick-slip motion is seen. In this regime the force of

friction shows a periodic variation in time -usually a saw tooth like time series.

The motion of the block shows periodic jerky motion. Common place examples of

periodic stick-slip motion include the squeaking sound that a piece of chalk makes

while writing on a black board and the creaking sound made by the hinges of a

door. Figure 1.2B bottom panel shows a situation of stick slip where the motion

remains jerky but instead of being periodic in time, it shows a chaotic behaviour.

1.1.1 Coulomb and Amontons Laws of friction

Although as indicated above friction exhibits a rich and complex phenomenology,

Charles-Augustin de Coulomb (1736-1806) and Guillaume Amontons (1663-1705)

formulated some simple empirical laws of friction which hold true in a large number

of situations. For two solid surfaces in contact with each other the force of friction

is proportional to the normal load:

Ff = µN (1.1)

The proportionality constant µ is known as the coefficient of friction. The value

of µ depends on the materials chosen for the two surfaces and is typically between

1 and 0.1, e.g., for steel on steel it has a value 0.8[14]. The force of friction is inde-

pendent of the apparent area of contact. Due to roughness in the surfaces the real

area of contact is much smaller than the apparent area of contact. Moreover, the

real area of contact is found to scale with the normal load. The force of friction is

also found to be independent of the relative velocity over a wide range of velocities.

However a velocity dependence may appear when thermally activated processes

in the form of creep become important at the contacts[15]. For example, for very

small sliding velocities the force of friction is found to depend logarithmically on

the sliding velocity[1].

1.1.2 Friction and elastic instability

In principle if one considered all the forces that act between each individual elec-

tron and nucleus in the two bodies along with the proper laws of dynamics one
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should be able to explain the phenomenon of friction completely. However this

approach is not practical and instead people have come up with simple models

that can explain the observed phenomenology. One such possible approach is

through elastic instabilities[1]. Consider the simplified model shown in Figure 1.2

C. The object is modelled as an elastic spring of stiffness kobj. Its interaction with

the surface over which it is sliding is modelled as a corrugated potential varying

sinusoidally in space with an effective stiffness (defined as the second derivative of

the potential) of magnitude kint. If kint < kobj, the object shows a smooth oscilla-

tory motion. However, if the spring kobj is soft enough so that kint > kobj, elastic

instability sets in. In this case the particle moves slowly near a minimum of the

potential till the point at which it flips suddenly and rapidly to the next minimum

where the kinetic energy is lost in damped oscillatory motion. In this regime, this

mechanism yields a finite friction even in the case of vanishingly small velocity of

the object. A further generalization of this model which considers the object to

be made up of many discreet particles connected with each other through springs

is known as the Frenkel Kontrova model[1] and has been used to study a variety

of complex phenomena in physics [16, 17] including friction[18].

Figure 1.2: (A)Schematic of the experiment. (B) Top middle and bottom
panels show steady, periodic stick-slip and chaotic stick-slip behaviours respec-
tively. (C) Elastic instability model for friction. The object being dragged over
a surface is modelled as a elastic spring and the object-substrate interaction as
a sinusoidally varying potential.
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1.1.3 Friction and adhesion

Adhesion or sticking is a phenomenon where a particle gets localized in all the

three dimensions at a particular position on a surface. In particular adhesive forces

also oppose a normal force acting on the object to separate it from the surface.

Examples of adhesion are diverse, e.g., gas adsorbed on metal surfaces, geckos

on wall, a cell adhered to the surface of a tissue, paints sticking on a wall, etc.

A number of different studies suggest a close relationship between adhesion and

friction[2, 19–21] and it is instructive to consider the nature of the phenomenon

of adhesion in some details.

1.1.3.1 Origin of adhesion

Attractive interaction responsible for the adhesion could be of various origins and

can be broadly classified as specific or non-specific. Cellular adhesion is an ex-

ample of specific interaction where the binding between the receptor and the lig-

and molecules present on the cell membrane is primarily responsible for adhesion

[22–24]. Non-specific interactions include van der Waals, electrostatic, steric, hy-

drogen bonding, hydrophobic and entropic interactions [25]. The van der Waals

interaction accounts for forces between two permanent dipoles (Keesom force),

a permanent dipole and a corresponding induced dipole (Debye force) and be-

tween two instantaneously induced dipoles (London dispersion force) [25]. The

electrostatic interaction arises due to charges present on the surface because of

charge transfer that may occur through contact with other surfaces, e.g., plas-

tic packaging, paints and coatings for metals, electrophotographic processes[26]

or because of dissociation of surface functional groups, e.g., the dissociation of

silanol groups in an aqueous environment (SiOH ↔ SiO− + H+)[27]. In many

systems, adhesion is controlled by the relative strengths of specific and non-specific

interactions.[23, 28–30]

However, these interactions between surfaces by themselves do not completely

describe the phenomenon of adhesion. The reason is that if this energy is trans-

lationally invariant in the lateral x–y plane (see Figure 1.3 (a)), the adhesive

stiffness constant which is the second derivative of U , ka = 52U , is non-zero only

in the z direction pointing normal to the surface. The other components along

x and y axes are zero, i.e., the particle is free to move in the x − y plane. The
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restoring force in the x − y plane, which localizes the particle on the plate arises

from the spatial corrugation in U (see Figure 1.3(b)). The spatial variation in

non-specific forces may arise from surface roughness, variation of the height of

the intervening lubricating fluid, inhomogeneous charge distribution, etc. [31, 32].

Such inhomogeneous surfaces indeed represent the common situation rather than

the exceptional.

Figure 1.3: Spatial heterogeneity plays an important role in adhesion. For a
smooth particle on a homogeneous surface, the variation of the potential energy
as a function of height and the lateral coordinate are shown in the middle and
the right panels of (a) respectively. In presence of spatial heterogeneities the
variation of the interaction potential with the lateral coordinate develops many
local minima in which the particle gets stuck. This situation is shown in (b).

1.1.3.2 Strength of adhesion

Adhesive interactions cause interfacial deformation at the expense of the material’s

elastic energy. In 1971, Johnson, Kendall and Roberts (JKR) developed a theory

of contact between two elastic bodies taking into account the adhesive interaction

at the interface, in which the strength of adhesion was taken to be the negative of

the pull off force (F c
N) required to separate the two surfaces[33]. For a spherical

particle of radius R adhered to a planar surface (plate), F c
N = 3πγR where γ is the

surface energy. However, the surface energy is usually a spatially varying quantity

and this randomness is not accounted for in the JKR theory. Similar randomness

in the strength of the interaction is found in a wide range of phenomena, e.g.,

pinning of magnetic vortices in type II superconductors[34], moving ferromagnetic

domain walls[35, 36] and ferroelectric domains[37]. In these systems the spatially

varying interaction is modeled within the framework of disordered elastic media in
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terms of a competition between the cohesive elastic energy of the adhering surfaces

and the adhesion energy, as mentioned above[38–40].

The strength of adhesion can be classified as ‘weak’ and ‘strong’ based on the

relative magnitudes of cohesive stiffness (kc) of the materials in contact to the ad-

hesive coupling stiffness, ka. Figure 1.4 (a) shows an unstrained harmonic elastic

solid with lattice constant l and a cohesive stiffness kc. In this case the struc-

tural correlation length ξ0 spans the system size. The presence of a substrate with

which the body interacts destroys the long range order in the system and a smaller

structural correlation length ξ emerges. The spatially varying energy landscape of

the adhesion potential (U) is shown as a solid line. The associated adhesive cou-

pling stiffness (ka) is shown as vertical springs. Figure 1.4 (b) shows schematically

the scenario for the condition kc � ka. This corresponds to the “weak adhesion”

limit where the energy gained by the adhering surfaces is smaller than that spent

in producing large scale structural deformations. The structural reconstruction is

minimal and ξ ∼ ξ0. The other limit kc � ka corresponding to “strong adhesion”

is shown in Figure 1.4 (c). In this case the energy gained by adhering surfaces

results in large scale deformation, as a result ξ � ξ0.

The structural deformation of the interfacial region also depends on the applied

shear forces. In the static friction regime or the adhered regime, although there

is no macroscopic displacement even in presence of external forces, displacements

do occur at the microscopic level in order to accommodate the applied stress. In

particular, in situations of weak adhesion, these microscopic displacements are

accompanied by significant surface deformations in the interfacial region. For

example Courtney-Pratt et. al. showed that the contact area between a metallic

sphere and a plate increases with increasing tangential stress (σ)[41]. The growth

in the contact area is attributed to the plastic flow of the contact region[42, 43].

1.1.3.3 Adhesion hysteresis

The amount of energy required to deadhere two surfaces is more than the energy

released in the process of adhesion, i.e., an adhesion-deadhesion cycle shows hys-

teresis. To explore the nature of this hysteresis, plots of the contact radius a versus

the normal loading force FN with cyclic loading (increasing FN) and unloading

(decreasing FN) are employed. These are known as the JKR curves. The JKR
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Figure 1.4: (a) An unstrained harmonic elastic solid with lattice constant
l and a cohesive stiffness kc. In this case the structural correlation length ξ0

spans the system size. (b) The “weak adhesion” scenario. In this case kc � ka,
hence the energy gained by the adhering surfaces is smaller than that spent
in producing large scale structural deformations. As a result the structural
reconstruction is minimal and ξ ∼ ξ0 (c) shows schematically the scenario for
the condition kc � ka. This corresponds to “strong adhesion” where the energy
gained by adhering surfaces results in large scale deformation as a result ξ � ξ0.

curves obtained in experiments reflects the hysteretic nature of the adhesion pro-

cess [44–46]. Figure 1.5 (a) shows a solid sphere of radius R in adhesive contact

with a plate. Here the radius of contact is a and a force FN is trying to pull

the sphere out. The JKR curve corresponding to one complete cycle is shown in

Figure 1.5 (b). In absence of FN the radius of contact is a0 and the pull-off force

at which the two surfaces deadhere is 3πγR according to the JKR theory. The

observed hysteresis imply that in each adhesion-deadhesion cycle some amount of

energy is dissipated. It has been argued that the frictional dissipation observed is

a consequence of this hysteresis in the adhesion-deadhesion process [44–46].

1.1.4 Resistance to rolling

It is a common experience that it is easier to roll a wheel than to slide a block

made of the same material and having the same mass. The force of friction in

the case of rolling is much smaller than in sliding. Ideally, during pure rolling

there is no relative motion at the point of contact. In this case the rotation speed

at the point of contact, about the center of mass, equals the translational speed

of the center of mass. It is found that the form: Ff = µN is valid even in this

case though with a much smaller value of the coefficient of friction[47] (often the
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Figure 1.5: Two bodies in contact undergo elastic deformation which is further
enhanced due to adhesive interactions between them. (a) shows a solid sphere
of radius R in adhesive contact with a plate. Here FN is a normal force trying
to pull the two bodies apart and a is the radius of contact. (b) A typical JKR
curve showing the hysteresis observed in the variation of a with FN .

coefficient in the case of rolling is two orders of magnitude smaller than in the

case of sliding). In addition the force of friction in the case of rolling is found to

depend inversely on the radius of the wheel[47].

The resistance to rolling is believed to arise due to deformations at the contact

that accompany the rolling motion in real situations. These deformations could be

plastic or elastic in nature depending on the materials involved. It is believed that

these plastic deformations[48] or the elastic hysteresis loses[49] at the contacts

during the rolling motion make a significant contribution to the resistance to

rolling. In addition as a result of the deformation, minute slip may occur at the

contact contributing to the observed friction[47].

1.2 Wear and its relation to the dynamics

It is usually observed that friction between two surfaces in relative motion is

invariably accompanied by a reconstruction of the two surfaces involved. One

of the possible ways in which the reconstruction may happen is through removal

or transfer of material between the two. This phenomenon is known as wear.

Mechanical wear is responsible for the degradation of moving machine parts. The

phenomenon of wear plays an interesting role between friction and the dynamics

of a system. While the force of friction along with the other forces acting in

a system determine the dynamics of the system, the relative motion causes a

reconstruction of the surfaces involved through phenomenon such as wear. This

in turn changes the frictional interaction. As a result, wear plays the role of
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completing a feedback cycle between the force of friction and the dynamics. This is

illustrated in Figure1.6. An example of this feedback mechanism is the commonly

observed situation where a rope is constantly rubbed against a stone. To start

with, the stone is uniform. However, the motion of the rope will soon break the

translational symmetry by making a groove on it. The formation of the groove

usually acts like a guide for the rope and modifies the frictional forces between

the rope and the stone, which in turn modifies the involved dynamics.

Figure 1.6: Role of wear in the dynamics of a system driven over a substrate.

1.3 Triboelectric charging

An alternative way in which surfaces in relative motion can get modified is through

a redistribution of charges among them. This phenomenon is known as triboelectricity[50,

51]. The phenomenon is ubiquitous and was one of the first observed manifesta-

tions of electric charges. Ironically, while the field of electricity and magnetism

today is a well-developed branch with many fundamental issues well understood,

triboelectric charging still remains a poorly understood phenomenon.

It has been found empirically that the amount and the nature of charge redistri-

bution depends on the choice of materials for the two surfaces. A chart known as

triboelectric series[52, 53] lists various materials in an order such that, for a pair

of chosen materials: (i) the material occurring before the other in the series gets
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positively charged while the other acquires negative charge, (ii) the farther apart

the positions of the two materials in the series the greater the triboelectric effect.

A typical triboelectric series is shown in Figure 1.7. If for example one starts

with neutral glass and polyethylene surfaces and rub them against each other,

glass being towards the top of the series is expected to acquire positive charge in

contrast to polyethylene which is near the bottom and would become negatively

charged. Also since the two materials, glass and polyethylene, are very far apart

in the series the amount of charging in this case would be more than for example

if glass and steel were chosen instead. However the nature and the amount of

triboelectric charging is dependent also on a number of other parameters such as

surface roughness, surface contaminants, atmospheric humidity, normal load etc.,

and therefore the position of materials in this series may vary in specific situations.

Figure 1.7: A typical triboelectric series. Adapted from [52].

The concept of a series like the one shown in Figure 1.7 might give an impression

that two dissimilar materials are essential to observe a triboelectric effect. How-

ever, in many experiments this is found to be untrue. Granular system consisting

of particles of identical chemical composition show differential charging dependent,

for example, on the particle size. Various field observations[54, 55] and laboratory

experiments [56–58] show that smaller particles charge negatively while the larger

particles charge positively. Further, in a recent study it has been shown that sur-

face charge due to triboelectricity does not consist of uniform charge distribution

of the same sign. On the contrary the surface charge consists of random mosaics

of positively charged and negatively charged regions of nanoscopic dimensions[59].

Quantitative study of the dynamics of triboelectric charging has been performed

using “impact charging experiments” with individual particles [60–64]. In these

experiments, typically, a mm sized polymer particle is impacted on a metal target

and both the initial charge on these particles before the impact and the impact

charge generated by a single collision are measured. A typical variation of the

impact charge with the initial charge obtained from such experiments is shown in
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Fig.1.8. The dependence shown in Fig.1.8 implies the existence of an equlibrium

charge value-the intercept of the straight line on the horizontal axis. For a single

particle undergoing repeated impacts, the charge builds up with each collision

until it reaches this saturation value. The impact charge in a single collision

increases with the velocity of impact as also shown in Fig.1.8. In contrast to these

experiments, there are only few studies of triboelectrification of flowing particles

on a solid surface, a scenario more relevant to the experiments presented in the

thesis. For example, Ireland [65] has shown that for glass particles flowing on an

earthed stainless steel surface the charge on the particles grows with the time of

contact as ∼ (1− e−(t/τ)), the time constant τ in their case being 0.28s. Moreover

any charge distribution in a dielectric material relaxes with a characteristic charge

relaxation time given by the ratio of the dielectric constant and the conductivity

of the material (ε/σ). This quantity turns out to be of the order of ∼ 104 for glass

and ∼ 103 for the plastics used in the experiments reported in this thesis. These

numbers however corresponds to the bulk of the material. It may be different for

the surface and may itself show variation with large surface charge density.

Figure 1.8: The impact charge as a function of the initial charge on a particle
of diameter 3.2mm in an impact charging experiment for two different velocities
of impact. Reproduced, with permission, from [60].

1.3.1 Possible physical mechanisms

Two metallic surfaces brought in contact exchange electrons so that the Fermi

level remains uniform across the interface[66]. This is one possible mechanism

because of which charge redistribution may happen when two metallic surfaces
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are brought in contact. In this case, the charge transfer depends on the difference

in the work functions of the two metals which is the amount of energy required to

remove one electron. Similarly in the case of insulators an effective work function

is defined in an equivalent way. However this analogy has limitations as there are

no available free electrons in the case of insulators[51, 67].

In one another possible approach it is assumed that electrons have energy levels

available on the surface known as the “surface states”[51, 67]. When two such

surfaces come in contact electrons are transferred from higher energy surface states

of one surface to the lower energy surface states of the other surface. In this picture

the driving force for charge transfer between the surfaces is the difference in the

effective work functions of the two surfaces.

The triboelectric charging observed in the case of identical material particles of

different sizes could arise from particle size dependence of the material proper-

ties. For example particle size is known to affect properties such as the work

function[68], the capacitance, surface roughness, the adsorption properties of work

function altering contaminants[69]. In an alternative approach, it has been shown

that starting from similar surface density of trapped electrons it is possible that

a repeated rubbing of a small region of one over a larger region of the other could

lead to a net transfer of charge to the smaller region[70, 70]. Many recent studies,

on the other hand, also suggest that the mechanism responsible for triboelectric

charging in general could be based on transfer of ions between surfaces rather than

electrons[71–73].

1.3.2 Measurement of static charges

1.3.2.1 Electrometer

An electrometer can be used to directly measure charges with a sensitivity of a few

nanocoulombs. Usually the particles on which charge is to be measured is placed

inside a Faraday cup, a metallic (conducting) container, which is coupled to the

electrometer to measure the charge. This is the most common method used to

measure charge in a variety of different experiments[74–76]. However, the method

has the limitation that it is invasive: the particles lose their charge as a result of

the measurement.
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1.3.2.2 Kelvin force microscopy

Kelvin force microscopy is a variation of the atomic force microscopy in which the

contact potential difference between a conducting sample tip and the substrate

is measured[77]. The contact potential difference depends on the work function

difference between the tip and the substrate. This is a scanning probe method

and has a spatial resolution of a few nanometers. The method has the advan-

tage that a map of surface charge distribution can be generated with high spatial

resolution[59].

1.3.2.3 Charge measurement through free fall videography

In a charged granular system, the particle charge distribution could be measured

using a methodology similar to the mass spectrometry. The particles are allowed

to fall under gravity between a pair of vertical metallic plates across which a

potential difference is applied. The free fall trajectories of various particles get

differentiated depending on their charge to mass ratio. These trajectories are

monitored using a camera which itself is under free fall, alongside the particles.

By analyzing the trajectories of the various particles under the external electric

field and gravity, the particle charge distribution is computed[78].

1.3.3 Role of triboelectricity in the dynamics

The triboelectric effect plays a role similar to wear in the dynamics of a driven

system. The charge developed on the two surfaces, as a consequence of the tri-

boelectric effect introduces a Coulombic interaction between the two surfaces.

This in turn would cause the friction to change. Significant contribution to fric-

tion arising due to interaction between charges have been observed in various

experimental situations. For example in systems consisting of double layers of

2D electron gases, a frictional coupling between the electric currents flowing in

the two spatially separated channels is observed[79, 80]. This is known as the

Coulomb drag. Friction studies using AFM tips over semiconductor/metal sur-

faces have shown a dependence of the observed friction on the applied bias voltage

between the two[81, 82]. In this case the effect is usually attributed to creation of

electron-hole pairs. Moreover in an experimental situation more relevant to our



Chapter 1. Introduction 17

present study, the coefficient of friction between macroscopic insulating surfaces

have shown significant dependence on the static charges present on them[83]. As

a consequence we have the following scenario: the force of friction determines the

dynamics, and the dynamics cause triboelectricity induced charging which in turn

modifies the friction (see Figure 1.6). This provides the feedback mechanism that

leads to interesting consequences as presented later in this thesis.

1.4 Organisation

The pattern of ripples on sand dunes, Rayleigh Benard convection cells, snowflakes,

various life forms are some examples of assembly of a large number of individual

components into a pattern or shape or a structure. A distinguishing feature of

these patterns or assemblies is their mode of formation - these systems organise

solely under mutual interaction among the components in absence of any global

external agent trying to bring about their order. This aspect is extremely surpris-

ing because intuitively we expect a system to move towards more disorder if left

on its own. This is the phenomenon of organisation.

According to established principles of thermodynamics, an isolated system evolves

in such a way that it becomes more disordered until it reaches thermodynamic

equilibrium[13]. Entropy(S) is a measure of disorder and the thermodynamic

equilibrium is the state of maximum entropy. In the case of canonical ensemble,

where the system can exchanges energy with a heat bath so as to have a uniform

constant temperature T , the thermodynamic equilibrium is the state with mini-

mum free energy defined as F = E − TS[13]. In this case it is possible to have

ordered equilibrium structures at low temperatures. Crystal structure of solids is

an example of such an equilibrium structure formed below the melting point. In

contrast to these systems which correspond to equillibrium conditions, there are

systems that are driven out of equillibrium externally. As such a non-equillibrium

system is forced further and further away from the equillibrium conditions, at

one point the thermodynamic branch may become unstable and a new structure

involving coherent behaviour may evolve[84]. For example consider a horizon-

tal layer of liquid heated from below as shown in Figure 1.9A. For temperature

gradients in the liquid less than a critical value heat passes through the liquid

by conduction. As the rate of heat supply in the system is increased and the

temperature gradient exceeds this critical value convection sets in and the system
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organises itself into ordered polygonal cells. These structures are known as Benard

cells and a typical example is shown in Figure 1.9B. In this case the emergence

of organisation depends crucially on the fact that the system is driven far from

equillibrium.

Figure 1.9: (A) A horizontal layer of liquid is heated from below. When tem-
perature gradient exceeds a certian threshold, convection cells with hexagonal
order appear as shown in B. The image in B is taken from [85].

Such structures as Benard cells are known as dissipative structures[84]. The notion

of dissipative dynamics, in contrast to conservative dynamics, implies as underly-

ing irreversibility. These are nonequilibrium systems which are usually open and

can exchange energy/mass with their environment. The system could lose energy

through processes such as friction or energy could be pumped into the system

through external drive. The irreversibility in these nonequillibrium systems arises

as at any instant the system tries to evolve in a particular direction, viz., towards

the equillibrium state. Further these are usually nonlinear systems. As a conse-

quence often a gradual tuning of a parameter could suddenly lead the system from

one state to a completely different one, a phenomenon known as bifurcation.

An important feature of these far from equillibrium systems that show organisa-

tion is the existence of feedback mechanisms[86]. A feedback is a cyclic coupling

between cause and effect in a system. Usually these systems show both positive

and negative feedback. The positive feedback causes amplification of fluctuations

and is responsible for the emergence of a pattern in the system which is disor-

dered to start with. The negative feedback, on the other hand, is responsible for
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the regulation and stabilization of the formed structure. It gives the structure its

robustness.

It is clear that organiastion in the sense described above is a far from equillibrium

phenomenon involving non-linear system with large number of interacting compo-

nents. Attempts to understand this ubiquitous but complex class of phenomena

from a thermodynamic point of view faces the serious constraint that the basic

principles operative in this regime is not well established and in the process of

development[87]. However an alternative approach which involves a mathematical

idealization of the physical system in which space and time are discrete called the

cellular automata has shown promise as a model that, on one hand can be easily

implemented and at the same time can reproduce the observed phenomenology[88].

The model works in an n−dimensional cellular space consisting of cells of equal

size. Each cell is in one of the discreet number of available states. In addition

there are a set of rules that determine how the state of a particular cell is updated

depending on its own as well as its neighbours’ states. In each iteration the rules

are applied simultaneously to update the state of each cell and the evolution of

the system is studied.

Among the various cellular automata models, one that has received particular

attention and success is the sandpile model[89]. It has been applied to study a

large class of phenomena known by the name self organised criticality[90]. This

model is inspired from the observation that a heap of sand has a conical shape

which makes a well-defined angle with the horizontal, known as the angle of repose.

This is an example where the observed organisation is intimately connected to the

idea of static friction. The structure is organised in a cone, where at the surface,

for each particle the force of gravity is balanced by the maximum force of static

friction and the structure is at a critical point in the sense that for even a slightly

larger angle of repose, avalanches occur to reduce it back to the original value.

This critical angle of repose depends on the coefficient of static friction. The

other example where the force of friction is associated with organisation is that of

periodic stick slip motion as described in section 1.1. In this case friction causes

an organisation in time to appear in the system (see Figure 1.2B).
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1.5 Two different systems

The work described in this thesis is based on particulate systems at two different

length scales. While in the first case we use particles of sizes ranging from 100µm

to a few mm, in the other case we use particles of a few µm diameter. The two

systems have some distinctive features as discussed below.

1.5.1 Granular matter

A granular system consists of many discreet macroscopic objects, called the grains.

The grains are typically large enough (roughly greater than 10µm) that thermal

fluctuations play a negligible role. From the sand on a beach to the cereals found

in our kitchens, there are numerous examples of granular system that we encounter

in our daily lives. These granular systems behave in some ways like a solid, e.g.,

they have a shape (e.g. a heap of sand) while in other ways they are like liquids,

e.g., they can flow. The other characteristic property of a granular system is

that they lose energy very quickly through inelastic collisions and friction. Hence

to study the dynamics of such systems continuous external driving in required.

Various drive geometries, some of which are shown in Figure 1.10, are employed.

On account of the presence of dominant dissipative mechanisms as well as external

driving, these systems are open and out of equilibrium. They are known to show

a variety of organisation behaviour[91–95].

As an example in the case of vertically vibrated granular system spectacular pat-

tern formation has been observed[91]. In this case an important parameter af-

fecting the observed dynamics is the dimensionless acceleration Γ = 4π2f 2A0/g,

where f and A0 are the frequency and amplitude of the vibration. Depending on

the conditions of experiment and the value of Γ the observed patterns range from

stripes to squares and hexagons[92]. These patterns show subharmonic response,

they oscillate at frequency f/2, or f/4, etc[92]. Another spectacular ordering ef-

fect is observed if the granular system is polydisperse, in which case the vertical

vibration leads to a size segregating effect[91, 93, 94]. For example in the very well-

known Brazil-nut effect, it is observed that the larger particles rise to the surface.

However in certain conditions the opposite effect known as the reverse Brazil-nut

effect, where the larger particles sink to the bottom, has also been observed[96].
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Figure 1.10: Examples of various drive geometries employed to study the
dynamics of granular matter.

The actual mechanism through which this ordering is achieved is a subject of ac-

tive research and many possibilities have been suggested[91]. For example in the

kinetic sieving mechanism, it is argued that voids are continually being created

in the system, and it is more likely for the smaller particles to fall in these voids

resulting in the observed Brazil-nut effect[97, 98]. Convection in vertically driven

granular systems has been proposed as another mechanism responsible for the size

segregation[99]. During the upward motion of the oscillation cycle, the granular

system is compacted as compared to the downward motion when it is dilated. As

a result the friction with the wall penetrates to different lengths during upward

and downward motion. This effectively leads to a convection pattern in which

grains move upward near the center and downward near the wall. As a result of

this convection it was observed that both the large and the small grains rise to

the surface however after that, it is only the small grains descend down[99].

1.5.2 Colloidal system

In contrast to the granular material, a colloidal system consists of discreet mi-

croscopic particles with size ranging from ∼ 1nm to 10µm, suspended in a liq-

uid environment. As a result this is a thermal system and the particles execute

Brownian motion. Thermal fluctuations and diffusion plays an important role in



Chapter 1. Introduction 22

determining the dynamics of these systems and is largely responsible for its dis-

tinctive behaviour, for example, in contrast to the granular system described in

the previous section[100]. The other convenient feature of these systems is the

possibility to be able to tune the inter-particle and the particle-wall interactions.

One component of the interaction is the ubiquitous van der Waals dispersion force

which acts between all atoms and molecules, even neutral ones, and have a quan-

tum mechanical origin. For a spherical particle of radius R separated from a flat

surface by a distance D, the interaction potential due to van der Walls force has

the form U = −AR
6D

, where A is known as the Hamaker constant. The other compo-

nent of the interaction is electrostatic in origin and arises because in the presence

of the dispersing liquid, both the surfaces of the particles as well the container

often become charged. This may happen as a result of the dissociation of the

surface groups in presence of the liquid or due to adsorption of charged molecules

from the liquid. These charged surfaces interact through screened coulomb forces

with each other. The solvent in which the colloids are dispersed have free ions

which are responsible for the screening effect. The coulomb interaction between

charged surfaces, in presence of free ions, is obtained by solving the Poisson-

Boltzman equation. It gives a screening length (the Debye screening length) as:

κ−1 =
√

kBTε0εsol
ρq2

, where ε0 is the permittivity of free space, εsol is the dielectric

constant of the solvent, ρ is the ionic concentration and q is the charge on an

ion. This interaction is also known by the name double layer referring to the two

distinct layers of charges involved, one consisting of strongly bound immobile ions

adsorbed on the surface and the other consisting of losely bound mobile ions in the

surrounding liquid. The effective interaction energy in this case is a superposition

of these two effects and is known as the DLVO potential[25]. As is evident from

the expression of κ−1, the value of κ−1 and hence the DLVO potential depends

on the ionic concentration and can be easily tuned by adding controlled amount

of ions in the medium. Other possible ways of controlling the interaction poten-

tial involve adding polymers in the system to tune depletion forces[25], applying

external ac electric field to control induced dipolar interactions[101], etc.

In addition, the frictional interaction of a colloid on a plane surface falls in an

interesting regime. A large number of studies on friction concern either the limit

of macroscopic surfaces where the number of asperities in contact is very very large

or the other limit considered in nanotribology of a single asperity contact. In the

case of a microsphere in contact with a surface a small number of asperities in

contact greater than one is expected. This is an intermediate regime of mesoscopic
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friction. Moreover as discussed above the situation is further made interesting by

the role of thermal fluctuations in the individual particle’s position.





List of Symbols

R Radius of cylinder

d Radius of orbit

f Frequency of orbital driving

δ Angular position with the reference line

Fc Centrifugal Force

r Distance of particle from the center of the orbit

FN Component of Fc pointing normal to the cylinder surface

FT Component of Fc pointing tangential to the cylinder surface

m Mass of a particle

Ueff Potential energy due to FT

µ Coefficient of friction

Fw Weight

a Particle diameter

ω = 2πf

ν Frequency of oscillation in the angular position of the particle

g Acceleration due to gravity

l Length of simple pendulum

N Number of particle

n Frame rate of image acquisition

h0 Height of the vertical front of the 2D structure

ζ Angle between the outline of the rear and the horizontal

ζ0 Value of ζ at the vertex

A Area

k Proportionality constant
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Chapter 2

Organisation of granular matter

by auto-tuning of friction

Although the most obvious role of friction is to resist relative motion, in some

situations it is found that friction is closely associated with the emergence of a

pattern either in the form of a well defined shape/structure or a periodic behaviour

in time. Common examples include heaps of sand having a conical shape with a

well defined angle dependent on the coefficient of static friction, periodic stick-

slip motion where the force of kinetic friction shows a periodic variation in time,

etc. In this chapter we explore an interesting scenario where an interplay between

two kinds of kinetic friction- rolling and sliding, leads to an the appearance of an

organisation. The system considered is a granular system consisting of spherical

particles. To excite this system we use orbital driving. There are only few studies

that have employed orbital driving in the context of granular systems. However,

our choice of this driving mechanism is based on the possibility of strong frictional

interaction of the particles with substrate in this situation. It is worthwhile to

mention here that for the experiments reported in this chapter triboelectric charg-

ing does not play a significant role and has not been considered in the analysis.

2.1 Orbital driving

In orbital driving, we take a cylindrical container (radius R) and move its center

on a circular orbit of radius d, at a constant speed 2πfd. In this process the

27
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Figure 2.1: Orbital driving. The center of a cylinder moves on a circular
orbit. Its orientation remains fixed in the lab frame. For clarity, the cylinder
and the orbit are not drawn to scale here: in our experiments the radius of the
orbit is smaller than the radius of the cylinder.

cylinder has no spin about its axis, i.e., in the lab frame the orientation of the

cylinder remains fixed. This is illustrated in Figure 2.1. We now consider how

this drive operates on a particle placed inside the cylinder. For this we consider

the top view as shown in Figure 2.2A. The center of the cylinder is marked as

O. It moves in a circular orbit of radius d centered at the point C. The line CO

intersects the cylinder at point M (in 3D it is a line which we call the reference

line in the text). A single particle (mass m) is shown at a position P on the wall

of the cylinder. The particle is at an angular position δ with respect to OM, i.e.,

∠MOP = δ.

We now consider the forces acting on the particle in the horizontal plane (see

Figure 2.2 A). If we transform to the reference frame of the cylinder, a centrifugal

force Fc acts on the particle directed radially outwards form the center of the

orbit: Fc = m(2πf)2r, r being the distance of the centre of the particle from the

centre of the orbit. Since the center of the cylinder is off-shifted from the center of

the orbit by a distance d, depending on the particle’s angular position, Fc makes

an angle ψ with the normal to the surface. The components of Fc normal to the

surface is:

FN = Fccos(ψ) = m(2πf)2rcos(ψ) (2.1)
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Using the law of cosines in the 4COP we have:

d2 = R2 + r2 − 2Rrcos(ψ) (2.2)

and

r2 = R2 + d2 + 2Rdcos(δ) (2.3)

Using Equations 2.2 and 2.3 we get rcos(ψ) = R+ dcos(δ). As a result, Equation

2.1 can be rewritten as:

FN = m(2πf)2(R + dcos(δ)) (2.4)

On the other hand, the component of Fc tangential to the surface is

FT = Fcsin(ψ) = m(2πf)2rsin(ψ) (2.5)

However the law of sines in 4COP gives:

sin(ψ)

d
=
sin(δ)

r
(2.6)

Therefore,

FT = m(2πf)2dsin(δ) (2.7)

It is helpful to think of FT as arising out of an effective potential Ueff =
∫
FTRdδ.

The functional form of Ueff (δ) is plotted in Figure 2.2 B. The minimum of this

potential is at the point M. The point M itself moves with an angular speed 2πf .

2.2 Experimental setup

The experimental setup is schematically shown in Figure 2.3. The cylindrical vial

containing the granular system is illuminated by using a series of LEDs coupled

to a cylindrical diffuser. Images of the particles inside the cylinder is obtained

using either a Phantom M301 or an EHD UK-1157 cameras. An optical position

sensor (TCRT 5000) is employed to generate a square pulse when the cylinder

passes through a particular point in its circular orbit. These pulses are used for
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Figure 2.2: (A) The forces on a particle in the horizontal plane in the frame
of reference of the cylindrical vial. The center O of a cylindrical vial of radius
R moves in a circular orbit of radius d centered at the point C. A centrifugal
force Fc acts along the line joining the center of the orbit C and the center of
the particle P. Fc has components FN normal to the surface and FT tangential
to the surface of the cylinder. At the point M where the line CO intersects the
surface of the vial, FT = 0. δ is the position of the particle on the cylindrical
surface measured with respect to the point M , i.e., ∠MOP = δ. (B) FT can be
thought of as arising from an effective potential Ueff , plotted here as a function
of δ.

a digital read out of the frequency of the orbital motion as well as for triggering

image acquisition in the stroboscopic mode as described below. We employ three

different modes of imaging:

• Fast continuous imaging: In this mode, continuous movie at 2000 frames

per second of the system in presence of the orbital driving is recorded. Sub-

sequently each frame is geometrically transformed to the reference frame of

the cylindrical vial using image processing codes.

• Strobed imaging: In this mode, only one image per cycle is obtained.

The pulses generated from the optical sensor is used to trigger the camera

to snap one image each time the cylinder passes through a particular point

in its orbit.

• Static imaging: In this mode of imaging, an image of system is recorded

with the orbital driving having been paused for a fixed duration. This mode

of imaging is used in the experiments described in the next chapter.
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Figure 2.3: The experimental setup. The vial with particles in it is mounted
on an orbital drive (vortex shaker). The structure acquired by the particles is
imaged using a camera. An optical position sensor is used to generate trigger
pulses for stroboscopic imaging.

2.3 The behaviour of a single particle

A single particle placed in the cylinder in presence of the drive is observed to

follow the reference line with a finite angular lag on the average.

2.3.1 Angular lag

The angular lag between the position of the particle and the reference line is

caused by the frictional interaction characterized through the coefficient µ and

can be quantified by balancing FT and the frictional force, FF = µFN :

m(2πf)2dsin(δ) = µm(2πf)2(R + dcos(δ)) =⇒ µ =
d
R
sin(δ)

1 + d
R
cos(δ)

(2.8)
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The black bars in Figure 2.4 show the distribution in position, δ, of a spherical

particle of diameter a = 0.7mm measured from the reference line (red dash-dot

line). We observe that the average value of the angular lag, δ, is small (∼ 3◦).

Equation 2.8 yields a coefficient of friction µ = 0.01 ± 0.009. In this case the

spherical particle undergoes rolling motion and therefore the coefficient of rolling

friction is at play. As a control we repeat the experiment with a thin Aluminum

disc (diameter a=12 mm and thickness=0.1mm). In this case the particle’s po-

sition lags significantly from the reference line (δ ∼ 53◦). Equation 2.8 gives

µ = 0.2± 0.02. The distribution of δ in this case is shown by green bars in Figure

2.4. Here the disc slides on the surface and hence the coefficient of sliding friction

is at play. Intermittency, inherent to stick-slip events in sliding, leads to a broader

distribution in δ in this case in comparison to the purely rolling motion.

2.3.2 Vertical descent

If we now consider the vertical direction, the forces acting on the particle are- the

force of gravity Fw = mg and a force of friction with the wall. To explore the

dynamics in the vertical direction we perform the following experiment. With the

drive on, a particle is inserted from the top. The particle instantaneously moves

to the surface of the cylinder and descends along the wall, rapidly attaining a

terminal velocity, v. Figure 2.5 shows the variation of height with time, measured

Figure 2.4: Distribution of the angular position, δ, for a spherical particle
(black) and a thin disc(green). The red dash-dot line is the reference line. The
two insets show typical images for the two cases respectively. The white lines
in the insets are the reference lines. The system is being driven at f = 28Hz.
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from the instant of insertion of the particle in the moving cylinder, for a = 0.7 and

3mm. In this situation a rotating particle is translating along its axis of rotation.

This motion twists the contact region of the particle with the cylinder, leading to

a velocity dependent viscous like dissipation[102]. The insets of Figure 2.5 show

the variation of the terminal velocity v with particle diameter a and the driving

frequency f . Both the contact area and hence the dissipative losses associated

with its twisting increase with a, consistent with the observation that v decreases

with increasing a. As f increases, the shear rate of the twisting zone and thereby

the friction too increases, which reduces v.

In the present situation the quantity ω2R/g can be used as a measure of the relative

strength of the centrifugal force and the force of gravity. The ratio ω2R/g ∼ 1 for

f ∼ 6Hz. For values of f much greater than 6Hz, gravity plays a weak role in the

dynamics as compared to the centrifugal force. Our experiments are performed in

this regime.

Figure 2.5: The variation of height with time for particles of two different sizes
(black: a = 0.7mm and blue: a = 3mm) inserted from the top in a vial under
orbital driving at f = 28Hz. The insets show the variation of the terminal
velocity v attained by the particle as a function of the particle diameter a and
frequency of driving f .
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Figure 2.6: Time trace of the angular position of the particle relative to
the reference line, δ, at f = 28Hz and f = 12Hz are shown in (A) and (B)
respectively. In B distinct oscillation in δ is observed which is absent A. The
frequency of oscillation observed is ν = f/2 (C) For the case in (B) the position
of the particle obtained from images strobed at frequency f is distributed about
two distinct values, a consequence of ν = f/2 (compare with Figure 2.4). The
inset shows schematically the configuration of forces acting on a particle for
a positive and a negative value of δ. (D) FFT of the time-series of position
obtained from strobed images for f = 28Hz. (D) The frequency of oscillation
as a function of the drive frequency. In the region marked yellow, no oscillation
is observed.



Chapter 2. Organisation by auto-tuning of friction 35

2.3.3 Oscillations

Depending on the coefficient of friction, the particle on the average lags behind

the reference line as shown in Figure 2.4. However, we find that two distinct

regimes exist. For frequencies greater than about 26 Hz, the particle always lags

behind the reference line with a small distribution in its position. However, in the

frequency interval ranging from 8Hz to 26 Hz, we observe a coherent oscillation

with a large amplitude (∼ 40◦) about the reference line. Figure 2.6A and B show

the angular position, measured with respect to the reference line, of a 0.7 mm

particle being driven at f = 12Hz and 28Hz respectively. The position of the

particle is computed by tracking the particle in a fast continuous movie. The

frequency of the oscillations observed in Figure 2.6B, ν, turns out to be exactly

f/2 in this case. If we consider strobed images taken one per cycle of the drive

at the same position in the orbit, we observe a position distribution as shown in

Figure 2.6C (compare with Figure 2.4). The position is distributed around two

distinct values, on opposite sides of the reference line- a consequence of ν being

exactly one half of f . FFT of the time series data obtained from the strobed

images, is shown in Figure 2.6D. ν/f obtained from FFTs such as in Figure 2.6D,

as a function of f is shown in Figure 2.6E. The oscillations begin at around 8Hz

and abruptly disappear above 26Hz. In the case of a simple pendulum there

exists a natural frequency 1
2π

√
g
l
, where l is the length of the pendulum and g

is the acceleration due to gravity. In an analogous manner a frequency may be

computed in the present system by replacing l with R, the radius of the cylinder

and g with (2πf)2d, the centrifugal acceleration as 1
2π

√
(2πf)2d

R
= f × 0.559. The

observed frequency of oscillation ν, although close to this value does not exactly

match and moreover is present only over a finite window of f .

We speculate that these observed oscillations are parametrically driven. The rel-

evant parameter in this case being the coefficient of friction. Spherical particles

have two kinetic states accessible to them- rolling or sliding, the coefficient of fric-

tion being very different in the two cases. As a result, as shown in Figure 2.4,

a sliding particle tends to move towards large δ value and on the other hand a

rolling particle tends to move towards small δ value. In contrast to this, if we

consider the couple formed between the force of friction acting at the point of

contact between the particle and the surface and FT acting at the center of mass

of the particle, the following scenario arises (see Figure 2.6C inset). For large (and

positive) δ value the two forces act in the opposite directions and the resulting
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couple has a tendency to make the particle roll. On the other hand for small δ

values (δ < 0) both these forces act along the same direction and hence tends to

make the particle slide. It seems that the above two effects, along with the inertia

of the particle, which makes it overshoot its equllibrium position in a particular

configuration may be driving the observed oscillations. As we increase the orbital

frequency f , FN and therefore the force of friction increases and the system over-

all becomes more damped. This may be responsible for the disappearance of the

oscillations at higher frequency. The presence of two accessible states of rolling

and sliding has other very interesting consequences for the present system as will

be discussed in the following sections. However it should be noted that in the

multi-particle experiments to be described below we avoid the oscillating regime

and mostly restrict ourselves to f > 26Hz.

2.4 Structure for many particles

We now consider the structure formed by a number of spherical particles under

orbital driving described above. As we add more particles to the system, we

observe the growth of an asymmetric structure (see Movie M2.1). Figure 2.7

shows images obtained at a fixed point in the circular orbit for number of particles

N=1,10,100 and 1000 for f = 28Hz. The structure, remarkably, has a vertical

front end coincident with the reference line (marked in red) and a curved rear.

Figure 2.7: The structure formed for various number of particles: N=1, 10,
100, 1000. The blue curves are the outlines of the structures averaged over 500
images. The red lines mark the reference lines.

https://drive.google.com/file/d/0B7oFPZhrUaNEbi1PeElpTW50ZHM/view?usp=sharing
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Although the relative positions of the individual particles vary in time, the overall

shape is maintained on the average. We record about 500 such images for each

value of N . By averaging over these images we obtain an outline of the shape

marked in the respective figures with a blue line. The robustness of the shape is

observed even for small values of N(∼ 10).

Figure 2.8: (A) The average full profile of the structure obtained from fast
continuous movie by the method discussed in the text. The green curve shows
the form of the effective potential Ueff due to the centrifugal force FT . The
red line marks the reference line denoting the position of the minimum of Ueff .
The potential is moving in a sense denoted by the blue arrow. The particles
occupy only one-half of the potential and the structure has a vertical front edge
coincident with the position of the minimum and a curved rear. (B) The height
h0 of the structure as a function of N (circle: a = 0.7mm, f = 28Hz; triangle:
a = 0.5mm, f = 25Hz; square: a = 0.25mm, f = 28Hz). The solid lines show
h0 ∼ N0.33 dependence.

In the scheme of imaging discussed above, as the angular extent of the 2D structure

formed on the wall of the cylinder increases, the rear and the front end overlap due

to the geometrical constraint. Therefore to obtain the full profile of the structure

we record a fast movie (at n frames per second) over multiple cycles. From each

frame, a strip of angular width f/n2π is extracted from the central region of

the image. Such n/f stripes from one cycle are stitched together to obtain the

full shape. The stitched images over∼ 50 cycles are averaged to obtain a time-

averaged structure shown in Figure 2.8A. The green curve is the potential due

to the tangential component of centrifugal force as discussed in Figure 2.2. The

structure formed by a large number of particles has this striking feature that it

occupies only one-half of the potential with a sharp vertical front and a curved

rear. The height of the vertical front h0 as a function of the number of particles

N is plotted in Figure 2.8B. The black lines in the figure show the h0 ∝ N0.33

dependence.
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2.4.1 Self-similar growth of the structure

Figure 2.9A shows the outline of the shape for different values of N . We observe

that while h0 grows with N as a power law with exponent ∼ 0.33, the angle

ζ0 formed at the vertex by the rear with the horizontal remains constant. The

outlines of the shapes corresponding to various values of N collapse onto a single

curve if we scale both the δ and the h axis by a single parameter, α. Figure 2.9B

shows the scaled curves. The scaling parameter α varies as N0.33, shown in the

inset to Figure 2.9B, consistent with h0 ∼ N0.33 as in Figure 2.8B. In addition, it

implies that the angular width of the structure also scales as N0.33, implying that

the area of the structure grows sub-linearly with N.

Figure 2.9: (A) The outline of the structure for various values of N marked
besides the curves. (B) If both the h and the δ axes are scaled by a common
factor α, these outlines collapse onto each other. The inset shows the variation
of the parameter α with N. The green line represents α ∼ N0.33 dependence.

2.4.2 Density of the structure

We note, for example, from the third panel in Figure 2.7 that the structure ob-

served is neither close–packed nor of uniform density. The angular dependence of

the average number density at a fixed height for increasing number of particles

is shown in Fig 2.10 A. The quantity plotted is ρ = I(δ, h)/I0, where I(δ, h) is

the intensity at a particular position in the average image such as Figure 2.8A
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and I0 is the intensity corresponding to a single particle. The structure is less

dense at the front and more dense in the rear. Unlike the shape, which grows in a

self-similar manner, the angular profile of density at a fixed height follows a single

master curve independent of N ; the observed departure from the master curve

at the rear is related to finite-size effects. The average density also depends on

the particle size. The distribution of void fraction observed in the structure for

three different values of a: 700µm, 500µm and 300µm for f = 28Hz is shown in

Figure 2.10 B. Smaller particles are more mobile and hence maintain greater inter-

particle separation. This is reflected in the variation of density of the structure

with particle diameter. Though the structure is less dense for smaller particles its

average shape remains robust. This is illustrated in the insets of Figure 2.10B for

particles of 300µm diameter.

Figure 2.10: (A) The average density of particles in the structure as a function
of δ at a fixed height obtained from images such as in Figure 2.8A for various
values of N. (B) The distribution of void area fraction observed in the structure
for a= 700µm, 500µm and 300µm for f=28Hz. The left inset shows a single
snapshot of the structure in the case of a = 0.3mm. The right inset shows the
average structure for this case.

2.4.3 The dynamics of growth

We now explore the dynamics underlying the growth of the structure by sequen-

tially inserting particles into the system and observing the formation of the struc-

ture. In order to track individual mechanical events in the structure, we choose

particles of diameter 3mm which have a low mobility (Figure 2.5). Figure 2.11

shows the evolution of the maximum height as particles are added to the system.

The color of the plot flips between red and blue as a new particle gets incorporated
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in the structure. The first three particles line up vertically, in a stable configura-

tion. The addition of the fourth particle leads to a buckling instability towards

the right, illustrated in panel (a) of Figure 2.11 (also see Movie M2.2). This in-

stability lowers the height of the system by one particle diameter and increases

the width by the same amount. This instability occurs periodically (Figure 2.11,

panels b to f) at the top of the structure. For N ≥ 18 an additional instability

which is similar to an edge dislocation (shown by an arrow in the middle panel of

Figure 2.11 (f)) is observed. This experiment shows that mechanical instabilities

are intrinsic to the growth and dynamics of the structure.

Figure 2.11: The evolution of the maximum height h0 of the structure as
particles of size a = 3mm are sequentially added to the system in presence of
the orbital driving. The color flips between red and blue as a new particle is
incorporated in the system. The particles stack on top of one another. When
N attains certain values, for example N=4,8,10,12 etc. the system undergoes
instabilities that causes rearrangement of the particles as shown in panels (a)
to (f).

https://drive.google.com/file/d/0B7oFPZhrUaNEUzdDQnIyS0FIbGc/view?usp=sharing
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2.4.4 Understanding the structure

We note that the vertical front edge which is positioned near the minimum of the

potential does not shift with more particles being added into the system (Figure 2.8

and 2.9). The structure keeps growing asymmetrically on one side. This implies

that the vertical front edge does not see the force FT acting on the particles in the

rear. There exists some internal dynamics that screens the transmission of stress

from the rear to the front of the structure. In this sense the present situation is like

a dynamic analog of the Janssen effect observed in static granular matter where

stress at the bottom of a granular column saturates exponentially with height [94].

This is possible when a local force balance between FT and FF is obtained every-

where in the system. However, if we consider the variation of FT and FF with δ

(see section 2.1 and 2.3.1), they cannot balance each other at different values of δ

for a constant coefficient of friction µ. Now, although the coefficient of friction is

a constant between a given pair of materials, for a spherical particle two distinct

values are possible, corresponding to pure rolling and sliding, respectively. The

two values are well separated (see section 2.3.1). In addition, by intermittently

rolling and sliding the particle can have a time- averaged value of coefficient of fric-

tion which is intermediate between these two extreme values. In our system, the

force balance between FT and FF at individual particle scale is achieved through

auto-tuning of µ by intermittent rolling and sliding motion. The particles close to

the leading front are in a purely rolling state while those in the rear are sliding. In

the intermediate position they intermittently shift between the purely rolling and

the sliding states. Hence in the present system the time averaged coefficient of

friction is a self-adjusting quantity whose value depends on the angular position.

Similar to sand piles, the slope, tan(ζ) = dh
dδ

of the rear arises from a balance

between the force of gravity and friction: mgsin(ζ) = µm(2πf)2(R+ dcos(δ)). In

particular at the leading edge, where δ → 0◦ and ζ → ζ0, sin(ζ0) = µ (R+d)
g

(2πf)2.

This is consistent with the experimental observation. Figure 2.12A shows the

variation of sinζ0 with f . The green line is a fit of sinζ0 = kf 2 with k = 7.6 ×
10−4 ± 0.46 × 10−4s2. The dependence of height h0 on frequency is shown in

Figure 2.12B. The blue curve is the function h0 =
√

2Akf
(1−k2f4)1/4

obtained, assuming

sinζ0 = kf 2 and a triangular shape with constant area A. This above function

fits the data well for k = 7.6× 10−4. Moreover in the present system, the friction
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Figure 2.12: (A) The variation of sinζ0 (see Figure 2.8 A) with f for constant
N . The line is the best fit to sinζ0 = kf2. (B) The variation of h0 with f . The

blue curve corresponds to the function h0 =
√

2Akf
(1−k2f4)1/4

with A being the area

covered by the structure and is assumed constant. (C) The angular variation
of the slope, tanζ, of the rear structure. For small values of δ, tanζ is small
(∼ 0.5) and it corresponds to pure rolling, and for large values of δ, tanζ is
large (∼ 3) and it corresponds to sliding motion.

coefficient increases with δ and so does the slope tanζ as shown in the Figure

2.12C.

As a further experimental confirmation of the auto-tuning of friction, we have

performed experiments using donut shaped particles (shown schematically in the

inset of Figure 2.13). The advantage with these particles is that there are two

distinct possible orientations on the wall. In the orientations marked (a) and

(b) (see the inset of Figure 2.13A) the particle rolls and slides, respectively, on

the underlying surface. The structure in Figure 2.13A clearly shows that at the

leading front the particles roll (orientation (a)) while towards the rear they slide

(orientation (b))A. Moreover, the density is smaller where the particles roll as

compared to when they slide. This difference in density arises because of the

difference in inter-particle interaction in the two cases. When particles rolling in

the same sense touch each other, the two surfaces in contact move in opposite
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Figure 2.13: (A) The structure obtained for donut shaped particles, shown
schematically in the inset. When these particles roll, they take the orientation
marked (a) in the inset and when they slide, they take the orientation marked
(b), thus making the two states distinctly visible. (B) The structure obtained
for N = 25 thin discs which can only slide. It has grown symmetrically about
the red circle which corresponds to the typical position of a single disc. (C) The
symmetric growth of angular variation of density with N for the case of discs.

directions and this hinders the rolling motion[103]. As a result, rolling particles

tend to stay apart from each other resulting in a rarer structure. This repulsive

interaction is absent for sliding particles. This accounts for the variation in density

with angular position shown in Figure 2.10 A. To further test the hypothesis that

shifting between rolling and sliding is crucial for the observed phenomenology, we

use thin disc shaped particles. In these particles rolling is highly improbable-they

mostly slide. Hence this particle shape rules out the possibility of auto-tuning of

friction by the mechanism described above. Figure 2.13B shows a typical structure

obtained for aluminum discs (diameter 1.2mm, thickness 0.1mm). The red circle

marks the typical position of a disc in an experiment where N = 1. We note

that, unlike spheres, the structure for N = 25 discs grow symmetrically about

the red circle. This is also evident from the symmetrical growth of the angular

variation in density for discs and is shown in Figure 2.13C for three different values

of N(= 1, 5, 30) at a fixed height.
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2.5 Conclusion

We have studied a granular system consisting of spherical particles under orbital

driving. The system organises into a robust and well-defined structure in such a

way that a local force balance between the external force and the force of friction is

achieved throughout the system. Interestingly, the mechanism through which the

self-organisation is achieved involves auto-tuning of friction through inter-particle

interactions. For a moving spherical particle two possible states exist- rolling

and sliding with very different coefficients of friction. Having access to these two

internal states allows the system to tune the force of friction through a large range

of values to achieve the organisation.



List of Symbols

a Particle diameter

N Number of particle

f Frequency of orbital driving

hh Height of the heap

tw Time for which orbital driving has been on

t Time measured since the drive is switched off

ν Frequency of oscillation of the structure

fc The frequency above which oscillations in the structure sets in

< n(h) > Number density of particles at height h

L Lateral dimension of the image

Id(i, h) Intensity of dynamic image at position (i, h)

Id0 Average intensity due to a single particle

tcw Value of tw at which the transition from regime I to II occur in the

glass-plastic system

hin Front height in regime I

wF Work function

Λ Wavelength of the periodic transverse stripes

qz, qψ Wavevectors corresponding to the first peak in 2DFFT in the axial

and the circumferential directions respectively

Is Intensity of static image

lchain Average chain length

Ns Number density of stuck particles

τg Mean life time of the stuck particles

θ Angular position of the stuck particles

∆θ Angular displacement

Γ Damping coefficient (=Γ′ + iΓ′′)

v net drift velocity of the stuck particle
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Symbols 46

θ0 Mean amplitude of the oscillatory motion of the stuck particles

s Distance between the electrode and the vial

s0 Distance of closest approach between the electrode and the cylinder

δQ Net uncompensated charge

u Speed of the cylinder with respect to the electrode

φ(s) A proportionality constant whose value depends on geometrical pa-

rameters

i0 Amplitude of the current measured using the lock-in amplifier

δi Phase difference of the current measured using the lock-in amplifier

V Voltage applied to the conducting tube in the control experiment

C Capacitance



Chapter 3

Evolution in structure and

dynamics under triboelectric

charging

A relative motion between two surfaces in contact is observed to be usually ac-

companied by a reconstruction of the surfaces involved. Mechanical wear is an

example where the topology of the two surfaces involved, evolve due to the re-

moval or transfer of materials between them[43]. Triboelectricity is a similar ef-

fect where a redistribution of charges between the two surfaces in relative motion

happen[50, 51, 56, 59, 104]. As a consequence of the redistribution of charges a

significant modification in the friction may come about[83]. The change in fric-

tion is accompanied by a corresponding effect on the dynamics as schematically

illustrated in Figure 3.1 A. In this chapter we look at the system presented in the

last chapter, viz., granular system under orbital driving and study the evolution

of the dynamics and structure of this system as a result of triboelectric charging.

3.1 The experimental system

The experimental system here is similar to that considered in Chapter 2- a granu-

lar system consisting of spherical particles contained in a cylinder is being orbitally

driven. In Chapter 2 we considered the structure and the dynamics in the situ-

ation where a single 2D layer of particles is formed on the wall of the cylinder.

47
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Figure 3.1: (A) The relationship between frictional interaction, dynamics and
phenomena such as wear and triboelectricity. The dynamics of a system driven
over a substrate is determined by frictional interaction. The motion leads to
surface modification through phenomena such as wear and triboelectricity which
in turn modifies the frictional interaction. (B) The typical structure formed for
large number of particles orbitally driven consists of a 2D monolayer as described
in 2 along with a heap of particles.

As we increase the number of particles and reduce their size, along with the char-

acteristic 2D structure we begin to get a three dimensional heap. Figure 3.1 B

shows the structure for N ∼ 1000 particles of diameter a = 0.7mm (also see Movie

M3.1). This structure moves on the surface of the containing cylinder following

the reference line.

As these particles move along, following the reference line, they collide and rub

against each other and the wall of the cylindrical container. In particular due to

close packing of particles in the heap, they predominantly slide with respect to

the wall. This leads to a redistribution of the charges among the particles and the

cylindrical wall- through triboelectric charging [50, 51, 56, 59, 104]. See section 1.3

for a discussion on triboelectric charging phenomenon. In particular it is relevant

to note that the nature (length scale) of the resulting charge redistribution depends

on the material and geometrical properties of the particles and the cylinder. We

consider for our experiments two different systems.

In the first case both the cylinder and the particles constituting the granular

system have identical chemical composition, viz., both are made of soda lime glass.

Previous experiments with granular systems consisting of particles of identical

chemical composition have shown that in a polydisperse sample the smaller grains

https://drive.google.com/file/d/0B7oFPZhrUaNERTF1enIwdXdfQTQ/view?usp=sharing
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charge negatively and the bigger grains charge positively[56–58]. Therefore in this

situation we expect that the charge separation would occur at small local scale. In

the second case we take cylinder made up of plastic (either polypropylene, PP, or

polystyrene,PS) whereas the particles made up of soda lime glass. We note here

that while glass is near the top of the triboelectric series as shown in Figure 1.7,

plastics are near the bottom. Hence in this case there is a global direction of charge

flow- the plastic cylinder acquires a net negative charge and the particles a net

positive charge. Moreover, since triboelectric charging is a surface phenomenon,

its effect is more dramatic and visible when we use particles of small diameter

(a < 0.5mm), as the surface to volume ratio is larger in this limit.

Figure 3.2: Snapshots of the observed structure in a system consisting of
100µm glass particles orbitally driven in a glass vial at times marked above the
figures. In the regime marked stable the structure appears stationary in strobed
images over small time scales (∼ a few cycles). In the regime marked oscillating
the structure is observed to oscillate. (B) The height of the heap as a function
of time. (C) The density of particles in the window marked with yellow box in
the first panel in (A), measured as the cumulative intensity of the part of the
image within the box, as a function of time. At tw = 80s the system abruptly
begins to oscillate as seen in the strobed images.
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3.2 Glass particles in glass cylinder

The first panel in Figure 3.2 A shows the structure formed by N ∼ 105 glass

particles of diameter a = 0.1mm being driven at f = 30Hz. As the system is

continuously driven, charge redistribution in the system arising due to triboelectric

effect causes the interactions in the system to change. As a result of the modified

interaction the structure of the heap shows an evolution in time. In Figure 3.2 A

we show a sequence of images obtained at various times since starting the orbital

driving (also see Movie M3.2). In these images we observe that the height of the

heap (hh) decreases with time. Figure 3.2 B shows the variation of hh with tw. At

tw ∼ 80s there is a sudden large drop in hh and the structure begins to oscillate

at a frequency different than the drive frequency. To capture the oscillations in

the structure we take a small window as shown in the first panel of Figure 3.2 A

and plot the total intensity in this window as a function of time as presented in

Figure 3.2 C. The graph clearly shows the existence of two regimes- a regime of

stable structure and the other where there is oscillations. By taking the FFT of

Figure 3.3: To capture the 3D nature of the system with greater clarity we
use the camera at an angle as shown in (A). The typical structure captured
using this configuration of the camera in the stable and the oscillating regimes
are shown in (B) and (C) respectively.

https://drive.google.com/file/d/0B7oFPZhrUaNEeEYzREk4LU5BSUk/view?usp=sharing
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Figure 3.4: Images captured using the setup described in Figure 3.3 A for
various values of f . In the strobed images the structure appears stable for
f < fc and oscillating for f > fc. (B) The angular width of the structure, ∆
(shown in the inset), increases with f . The system is stable till the angular
width reaches a value of 360◦. (C) The height of the heap as a function of
f2 (filled circles). For comparison the dependence of height on f2 of a system
consisting of an equal volume of a simple liquid like water is shown. In A, B
and C, the vertical dash dot line separates the stable and the oscillating regimes
for the case of glass particles in glass vial.

similar data obtained from images strobed at the frequency of driving f we find

that the frequency of oscillation ν ∼ 0.46f .

As the system evolves from the stable regime to the oscillating regime, its structure

undergoes dramatic change. It is easier to visualise this by using the camera at an

angle as shown in Figure 3.3 A in contrast to the side-view. Figure 3.3 B shows

the typical structure at the beginning of the experiment in the stable regime and

Figure 3.3 C shows the typical structure in the oscillating regime.

Once we have driven the system long enough that it has entered the oscillating

regime, we study its behaviour as a function of frequency f . The various panels

in the Figure 3.4 A show the structure as a function of drive frequency f as seen

using the camera configuration shown in Figure 3.3 A. The variation of the width

of the structure along the δ direction, ∆ (defined in the inset of Figure 3.4 B) with

f is shown in Figure 3.4 B.We observe that as we increase f , ∆ keeps increasing.
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At frequency fc the angular width ∼ 360◦. We observe that below fc the structure

remains stable and above fc oscillations set in. The height of the structure hh ∼ f 2

for small values of f and then shows a saturating behaviour (Figure 3.4 C). This

is in contrast to what is observed for a simple liquid like water under identical

conditions, in which case hh ∼ f 2 over the entire range of frequency.

3.3 Glass particles in plastic cylinder

The results of the last section clearly illustrates that the dynamics of these or-

bitally driven system in the relevant parameter regime shows an evolution in the

dynamics and structure as a result of the triboelectric effect. However we know

that the nature of triboelectric charging would change completely if instead of

using identical material for the particles and the substrate, we use two dissimilar

ones, viz. glass particles in a plastic container. In this case because of collisions

and rubbing there is a net global charge transfer between the two so that the

glass particles acquire an overall positive charge and the plastic surface an overall

negative charge. As charges of opposite signs build up in the particles and the

surface of the wall, a fraction of particles begin to “stick” to the wall. In absence

of the drive the stuck particles constitute a monolayer structure on the wall which

is stable against gravity. In presence of the drive, the dynamics of the stuck parti-

cles is very different from the dynamics of the free particles moving with the heap.

As the orbital driving is continued further, the triboelectric charging drives this

system through a sequence of distinct structures and instabilities.

3.3.1 Overview of the observed phenomena

The sequence of dynamic images in Figure 3.5 A captures the evolution of the

system with time tw over which the system has been driven (also see Movies M3.3,

M3.4). The data presented in the Figure 3.5 corresponds to glass particles of di-

ameter a = 0.3mm in a polypropylene (PP) vial. With time an increasing number

of particles stick to the surface. They form a dense and amorphous monolayer

coverage of the vial surface up to a height hin. This effect is accompanied by a

change in the shape of the heap marked by white lines in Figure 3.5 A. We obtain

the variation of the average number density of particles 〈n〉 with hight(h) as a

https://drive.google.com/file/d/0B7oFPZhrUaNET2dVOXRhUVV4cHM/view?usp=sharing
https://drive.google.com/file/d/0B7oFPZhrUaNEb2FLRk8wanVnT3c/view?usp=sharing
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function of tw in the following manner. We consider the dynamic image, Id(i, h),

at time tw and and find the average pixel intensity at height h as 1
L

∑L
(i=1) Id(i, h),

L being the lateral dimension of the image. We then normalize this quantity

with the average pixel intensity corresponding to the image of a particle, Id0, i.e.,

〈n(h)〉 = 1
LId0

∑L
(i=1) Id(i, h). The evolution of 〈n(h)〉 with tw is presented in Fig-

ure 3.5 B where the value of 〈n(h)〉 has been color coded. We identify from the

plot two distinct regimes of spreading, viz., an initial phase (regime I) marked by

a slower increase of the spreading front, followed by a second phase (regime II) of

more rapidly advancing front. The time (tcw) marks the point of transition from

regime I to II.

The plateau height hin of the front in regime I scales linearly with the square of the

drive frequency (f 2), is independent of the particle diameter (a) and the material

of the vial. Further, it is found to be approximately the same as that obtained

with an equal volume of water replacing the glass particles. The variation of hin

with f 2 for various systems is shown in Figure 3.5 C. It should be noted that in

the case of conventional liquids no onset of regime II is observed even after ∼ 105s

of driving (see ApendixB). The crossover time (tcw) from regimes I to II depends

inversely on the square of frequency, i.e., tcw ∼ 1
f2

(Figure 3.5 D). The quantity tcw

also depends on the choice of the materials. For example, triboelectric charging is

known to depend on the the difference in the work functions (wF ) of the materials

involved[65]. This is consistent with our observation that the crossover time, tcw,

for glass (wF = 5eV )[65] particles in polystyrene (wF = 4.2eV )[105] vials is shorter

than that in polypropylene vials (wF = 4.9eV )[65]. The data presented here is

also sensitive to the humidity in the atmosphere [106] and the protocol used for

cleaning the surfaces [83] implying the importance of the surface charges in the

observed phenomenon. These aspects are discussed in detail in the Apendix A.

3.3.2 Transverse stripes - precursor to regime II

The images in Figure 3.6 show the sequence of events marking the transition from

regime I to II. The onset of regime II is preceded by distinct changes in the struc-

ture of the amorphous monolayer of regime I. The images in Figure 3.6 (also Movie

M3.5) show the appearance of a periodic modulation in particle density in the az-

imuthal direction (transverse stripes). The images in the top panels are acquired

in the dynamic mode, i.e., in presence of the drive, and those in the bottom panels

https://drive.google.com/file/d/0B7oFPZhrUaNEa19tN21lV1JvQ0U/view?usp=sharing
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Figure 3.5: (A) Typical images (stroboscopic mode) of the vial (polypropy-
lene) taken at certain instances of times (marked in the sequence), while it is in
orbital motion at f = 14Hz. The lines in white outlines the heap of particles
formed due to inertial force arising out of the orbital motion. (B) The evolu-
tion in time of the number density of particles 〈n(h)〉 as a function of height.
The numerical value of 〈n(h)〉 is color-coded. The growth regimes I and II are
marked. (C) The variation of hin as a function of the square of frequency of
orbital motion for glass particles (GP) in polypropylene (PP) vial (gray cir-
cles), GP in polystyrene (PS) vial (black circles) and water (W) in PP (open
squares). (D) The variation of tcw as a function of frequency for glass particles
in polypropylene (PP, black circles) and polystyrene (PS, open circles) vials.
The solid line has a slope of −2 in the log-log axis, i.e., tcw ∼ f−2.

have been acquired in the static mode while the drive is suspended. While the

dynamic images capture the response of the system to the external orbital driving

in presence of the particle-particle interaction, particle-substrate interaction and

gravity, the static images capture the equillibrium configuration in presence of the

three competing interactions, viz., gravity, particle-particle coulomb repulsion and

particle-substrate coulomb attraction. The images shown in Figure 3.6 correspond
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to experiment in a polypropylene vial f = 30Hz. We observe that the angular

distance between the stripes (Λ), increases with f (Figure 3.7) and a (Figure 3.7

inset). The stripes are presumably accompanied by the formation of a similarly

periodic spatial modulation of counter-charge density on the surface of the vial.

This makes the modulation temporally robust and therefore observed in the static

images too, as shown in Figure 3.6 (bottom panel). The transverse wavelength Λ

grows with frequency f . One expects that those values of Λ would be preferred for

which an integral number of periods cover the full cylindrical surface. Indeed, for

frequencies 14, 30Hz (Figure 3.7) we observe more pronounced stripes which re-

main positionally locked in time while for intermediate values of f (20, 25and40Hz

in Figure 3.7) the stripes are seen to slide and become substantially weaker in am-

plitude.

Figure 3.6: The appearance of a modulation in the density of stuck particles
(a = 300µm) with a periodicity in the azimuthal angle in polypropylene vial.
Top and bottom panel shows dynamic and static images at sequence of times
marked above the images.
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3.3.3 Vertical streaks - onset of regime II

The formation of regime II is initiated by the emergence of a few-particles-wide

vertical streaks that originate from the tips of the transverse stripes discussed in

the last section (see the image corresponding to tw = 7000s in Figure 3.6). The

large number density of particles in the stripe presumably localizes the charge

and thus enhances the emanating electric fields leading to a breakdown-like flow

of both particle- and charge-currents which initiates regime II. At long times,

however, these streaks gradually diffuse in the transverse direction and eventually

merge to form a uniform growing front, as shown in the fourth panel (tw = 9000s)

in Figure 3.6.

Figure 3.7: The periodicity of the azimuthal density modulation depends on
the frequency of the orbital motion and the size of the particles. The figure
shows the periodic modulation at frequencies 14Hz, 20Hz, 25Hz, 30Hz and 40
Hz. For certain frequencies (14 Hz, 30 Hz) we observe more pronounced stripes
which weaken substantially for intermediate values of f (20 Hz, 25 Hz and 40
Hz). Inset shows the dependence of the wavelength of the periodic modulation,
Λ ,on the particle diameter, a, at f = 14Hz.

The transition from regime I to II is seeded by the appearance of the instability in

the form of periodic density modulation (stripes) and long narrow jet like struc-

tures (streaks). The appearance of this pattern in the structure less monolayer
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of regime I with a wavelength which shows systematic dependence on parame-

ters such as f and a is intriguing. Similar behaviour is observed in many self

organising, far from equillibrium systems where a positive feedback mechanism

amplifies fluctuations of a particular wavelength leading to an instability and pat-

tern formation[84]. We explore the possible mechanism relevant to our system

further in section 3.3.7.

3.3.4 Contrast in the structure of the stuck monolayer in

the two regimes

In addition to the large change in the front velocity, regimes I and II are very

different in terms of their growth kinetics and structure. Figure 3.8 A and B show

a sequence of time-lapsed images of the growth in regimes I and II, respectively.

In regime I, the monolayer is formed by random adsorption of particles to the

surface of the vial (also see Movie M3.6). The monolayer in regime II, in contrast,

builds up through sequential adsorption of particles and a layer by layer growth of

the spreading front (also see Movie M3.7). Furthermore, while regime I consists

of a disordered amorphous structure, regime II has a distinct layered structure.

Two-dimensional Fast Fourier Transform (2DFFT) images of the structures in the

two regimes are shown, respectively, in the left and right insets of Figure 3.8 C.

The variation of qz and qψ, the wave vectors corresponding to the first peak of the

2DFFT along the axial and circumferential directions is shown in Figure 3.8 C. In

regime I, (i) the system is isotropic, i.e., qz ' qψ and (ii) both qz and qψ increase

logarithmically in time. But in regime II, (i) the structure near the spreading front

is anisotropic, qz < qψ, and exhibits periodicity in the axial direction (regions of

localized ‘spots’ in the Fourier images) and (ii) qz and qψ remain constant in time.

3.3.5 Migration kinetics of the particle in the two regimes

The particle motion in the two regimes depends on the distribution of charge on

the substrate which determines the frictional interactions for the particles. To

explore the spatial nature of charge distribution and the effective friction arising

thereof, we analyse images from a region closely below the spreading front and

examine the following:

https://drive.google.com/file/d/0B7oFPZhrUaNENGt0SzJ2V0xLVlk/view?usp=sharing
https://drive.google.com/file/d/0B7oFPZhrUaNEY3BYSVluNjBGbU0/view?usp=sharing
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Figure 3.8: In regime I the system grows through random adsorption of par-
ticles on the surface of a polypropylene vial. This is shown in the images (static
mode) in A. In the later part of regime II, layer by layer growth takes over as is
reflected in the sequence in B. (C) The qz (square) and qψ (circle) corresponding
to the first peak in the 2DFFT of the structure in regime I and regime II as a
function of time. The confidence interval of the data is marked by translucent
bands. Left and right insets are examples of 2DFFT obtained in regime I and
II respectively. The average of 50 static images ranging over a time ∼ 5000s,
difference between two consecutive static images separated by 100s and the av-
erage of such subtracted images over a time period of ∼ 5000s are shown in the
left, middle and right panels for regime I in D and regime II in E, respectively.

(1) The summed image: [
∑

tw
Is(tw)]- a superposed sum of the static images,

Is(tw). This image captures the different realizations of the configurations of the

stuck particles and therefore closely represents the energy landscape associated

with the charge distribution on the surface of the vial. In regime I the summed

image has no distinct structure barring for a hint of granularity (Figure 3.8 D left

panel). This implies that the stuck particles move in the presence of the drive

and take random positions within the maximum height. In regime II, (Figure 3.8

E left panel) it has a layered structure with a well-defined periodicity along the

vertical axis with no modulation in the azimuthal direction. Since the mobility of

the particle in the vertical direction is hindered, we infer the frictional interaction
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in regime II to be anisotropic (small along the azimuthal direction and large in the

axial direction). This is further substantiated from the difference images described

below.

(2) The difference image: [|Is(tw) − Is(tw + ∆tw)|], is taken between two static

images separated by a time difference ∆tw = 100s. The bright and dark areas of

the difference image below the spreading front correspond to the spatial regions

associated with mobile and stagnant particles respectively. Comparing the dif-

ference image in regime I (Figure 3.8 D middle panel) and regime II (Figure 3.8

E middle panel) we note that the bright spots are homogeneously distributed in

regime I, while they appear localized in regime II. Thus, in regime I, the particles

can move isotropically while in regime II particles whose axial motion is restricted

coexist with those which can hop between layers. A rougher spreading front seen

in regime I compared to regime II further supports the above observation.

(3)The superposed difference image: [
∑

tw
|Is(tw) − Is(tw + ∆tw)|]. The super-

posed difference image in regime II (right panel of Figure 3.8 E) identifies the

hopping paths across the layers through which the particles advect upwards and

then sequentially deposit at the top. The averaging over different realizations of

configurations ensures that the bright regions in these images correspond to the

localised spatial tracks of particles that hop. This form of particle diffusion is

characteristic of smectic ordering [107]. Such localized transport of particles is

absent in regime I (right panel of Figure 3.8 D).

3.3.6 Relaxation dynamics

In the discussions above, we have been using both dynamic as well as static im-

ages. The dynamic and static images capture the structures formed in presence

and absence of the external stress due to orbital driving, respectively. The struc-

tures observed in the two cases are usually different. In this section we track the

evolution of the structure as the drive is switched off and the system relaxes from

one structure to the other. These results highlight the role of thermal processes,

e.g., diffusion of charge carriers, in the otherwise athermal granular system.

For small values of tw (regime I), as the drive is switched off we observe an az-

imuthal spreading of the particles. However, remarkably the azimuthal spreading

happens via transient structures, viz., chain-like formations (Figure 3.9 A, Movie
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M3.8) in the PS vials. We characterize the phenomenon through temporal evo-

lution of the average chain length, lchain. Figure 3.9 C shows the variation of

lchain with t. The dash-dot line represents lchain ∝ 1√
t

dependence. The for-

mation of these chains is a manifestation of the local patchiness of the charge

distribution[108] on the plastic surface. One observes multiple time scales in this

spreading. For example, the system initially spreads azimuthally within a few sec-

onds. It then starts to arrange itself in the form of vertical chains, whose average

length reaches the maximum value in about 10s. For the next 100s the chains

spontaneously break and lchain ∝ 1√
t
. Assuming that the length of the chain is

proportional to the depth of the effective potential that stabilizes it, the inverse

square root dependence on time appears as a consequence of the reduction in this

depth due to diffusive dynamics of the counter charges on the substrate[109].

For large value of tw (tw > tcw, i.e., regime II), while the particles close to the top

remain well-adhered, the stability of those stuck at lower heights is found to depend

on tw. Figure 3.9 B (also see Movie M3.9) shows a typical time-lapsed sequence

of images showing particles falling off the vial’s surface after the orbital motion

is turned off. These images are from an experiment in a PP vial for a = 0.5mm,

f = 25Hz and tw = 2.7 × 104s. Figure 3.9 D shows the variation in the number

density of particles with t for different values of tw marked in the figure. Here

Ns(tw) is the number density of stuck particles at the instant when the drive is

switched off and t is the time measured since then. The inset to Figure 3.9 D shows

the same variation for another system consisting of particles of diameter 500µm.

At long times, the decay can be approximated to Ns(tw + t) = Ns(tw)( t
τg

)−α

(Figure 3.9 D). A power-law decay typically implies the existence of multiple

relaxation processes and a hierarchical structure of the potential energy landscape

associated with the particle substrate interaction. Here, τg is the mean of the life

time distribution of the stuck particles and the exponent α is a measure of its

width. The variation of log( Ns(tw)
Ns(tw+t)

) (which is a measure of α) with tw, is shown

in Figure 3.9 E for t = 10s. Within this scheme of analysis, α is nearly constant

in regime I, while it varies substantially in regime II. The mean life time (τg) is

very large in regime I and decreases with tw in regime II. A visual inspection of

the system, six months after the completion of the experiment, shows that the

monolayer close to the top remains intact. This is evident from Figure 3.10, where

in panel A we show the stitched image of the entire cylindrical surface obtained

immediately after the completion of a typical experiment (52 hours of driving at

https://drive.google.com/file/d/0B7oFPZhrUaNET0RKal9Gay1iN0U/view?usp=sharing
https://drive.google.com/file/d/0B7oFPZhrUaNEazYtWTIyWjJuSUE/view?usp=sharing
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Figure 3.9: (A) and (B) show sequence of images that capture the evolution of
the system as the drive is switched off at t = 0 in regime I (tw < tcw) and regime
II (tw > tcw) respectively. In (A) the particles spread azimuthally going through
an intermediate state where vertical chain like structures are favored. (C) shows
the evolution of the average chain length lchain with time. The dash-dot line
shows the lchain ∝ 1√

t
dependence. In (B) the particles stuck at lower height fall

down and the density of the stuck particles decreases and eventually becomes
zero. (D) shows the change in density of the stuck particles as a function of
time for various values of tw marked in the figure. The inset of (D) shows the
same variation for another system consisting of 500µm particles. At large times
we observe a power-law decay (shown by the solid lines), whose exponent α

depends on tw. (E) shows the variation of log(Ns(tw))
Ns(tw+t) , a measure of α with tw

for t = 10s.

f = 14Hz) and panel B shows the same system imaged six months after the

completion of the experiment.

3.3.7 Single particle kinetics

In order to gain some insight into the observed evolution in structure, we explore

the kinetics at a single particle level using fast continuous imaging in conjunction
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Figure 3.10: (A) Stitched image of the entire cylindrical polypropylene surface
obtained immediately after the completion of a typical experiment (52hours of
driving at f = 14Hz). (B) The same system imaged six months after the
completion of the experiment.

with particle tracking algorithms. We have seen, for example in Figure 3.5 A,

that for small values of tw the particles form a heap which moves with a velocity

2πRf . With time, due to triboelectric charging, a fraction of the particles get

stuck to the surface of the vial. These particles form a stable uniform monolayer

on the cylinder in absence of the drive. In this section we analyse the motion of

these stuck particles in response to the periodic forcing in presence of the orbital

drive. Typical time traces of the angular position (∆θ) of stuck particles at three

different values of f (10,12,14 Hz) are shown in Figure 3.11 A. We observe that the

motion consists of an oscillatory behaviour with an overall drift. The trajectory

of the particle on the surface of the vial for one period of the orbital motion is

shown in Figure 3.11 B (red line). The blue and green circles mark the position

of the particle at the beginning and the end of the cycle, respectively. The initial

configuration of the remaining particles is marked by black dots. The angular shift

between the blue and the green circles shows its drift along the drive. The insets

of Figure 3.11 A show the probability distribution of the amplitude of the forward

motion (θ0, marked in Figure 3.11 A) and the drift velocity (v), calculated from

the time traces of hundreds of stuck particles driven at f = 12Hz.

The motion of a single particle under the periodic forcing could be captured in

a simple over damped equation of motion: Γdθ
dt

= m(2πf)2d
R

sin(θ − 2πft) where
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Figure 3.11: (A) Typical time traces of the angular position of stuck particles
(a = 300µm) at three different values of f measured at a given value of tw <<
tcw. The two insets show the distribution in the amplitude of the forward motion,
(θ0) and the drift velocity (v) obtained over hundreds of stuck particles at
f = 12Hz. (B) Typical trajectory of a stuck particle (red line) during one
complete cycle of orbital motion. The position of the particle at the beginning
and the end of the cycle is marked by blue and green circles respectively. The
black dots in the background show the positions of the rest of the particles at
the beginning of the cycle. (C) Time traces of the angular position obtained
using the model described in the text for f = 10 and 14 Hz, and md

RΓ = 1
500s/rad.

Variation of θ0 and v with f is shown in (D) and (E) respectively. (F) and (G)
show the evolution of θ0 and v with tw, respectively, for tw < tcw. Typically v
is observed to have a variance of the order of the mean values plotted and is
not marked in the plots for clarity. (H) i0/f and (I) tan(δi) as a function of
f (see the discussion in section 3.3.8). In (H) the dash-dot line marks an i0
varying linearly with f , the behaviour seen in the control experiment described
in Figure 3.12C.
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Γ is a measure of the frictional coupling. The term on the right hand side in

the above equation is the tangential component of the centrifugal force at the

angular position (θ) of the particle on the vial. In general, the frictional coupling

depends on the stress history of the system [110, 111] and typically shows viscoelas-

tic behaviour[112]. Hence one expects Γ to be a complex quantity (= Γ′ + iΓ′′)

[113]. Microscopically the real part of Γ is related to the dissipative mechanisms

in the system. This may arise due to inelastic inter-particle and substrate particle

interactions. In the present scenario, the dissipation in the substrate-particle inter-

actions is mainly due to the resistive loses associated with the ionic current in the

vial. The momentum transferred from the sliding particles to the counter-charges

produces this current. The spatial variation in the electrostatic potential between

the particle and the substrate provides the elastic coupling of the particles to the

local energy minima (pinning sites)[113] and is related to the imaginary part of Γ.

The variation of θ as a function of t is calculated by solving the above equation

numerically. Since we observe that the particle moves over distances much larger

than the typical interparticle separation (see Figure 3.11 B), we neglect the imag-

inary part of Γ in the numerical integration. In the limit 2πfmd
RΓ

> 1, at long time,

θ ∼ 2πft, which is representative of the motion of the heap (Movie M3.1). For
2πfmd
RΓ

< 1, θ oscillates between two extremes that drift linearly with increasing

time. Figure 3.11 C shows ∆θ(t) for md
RΓ

= 1
500
s/rad and f=10 Hz and 14Hz.

We note that these time traces are similar to the experimentally obtained ones.

However, the equation does not capture the inherent randomness observed in the

jagged experimental time traces. A simple way to incorporate the randomness

in an effective single particle equation of motion is through a spatially varying

friction coefficient [114, 115], which is amply justified by the large distribution

of single particle velocities measured in the experiment (see inset of Figure 3.11

A). We observe that the distribution in the drift velocity, v, is particularly broad

and its variance is of the order of the mean. The frequency dependence of the

mean amplitude of the forward motion (θ0) and the drift velocity of the extrema

(v) obtained from the experiments is shown in Figure 3.11 D and E, respectively.

A threshold behaviour, typical of friction dominated dynamics [1], is particularly

visible in the variation of v with f . The evolution of v and θ0 with tw (for tw < tcw)

as shown in Figure 3.11 F and G, respectively, shows the presence of frictional

aging in the system.

The analysis in the previous paragraph shows that we start with a system having

small value of the frictional coupling Γ. In this case the particles follow the drive

https://drive.google.com/file/d/0B7oFPZhrUaNERTF1enIwdXdfQTQ/view?usp=sharing
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and ∆θ ∼ 2πft. The relative motion between the particles and the substrate

leads to triboelectric charging causing the particles to get charged leaving behind a

corresponding counter on the plastic substrate. As a result of this redistribution of

charges in the system the particles now see a much larger value of Γ. Consequently

their response to the external drive is modified. They now show biased oscillatory

motion with a net drift. Interestingly the amplitude of the oscillatory motion

brings into the system a length scale. This length scale is comparable to the

wavelength of the density modulation which forms the precursor to regime II and

depends in a similar way on frequency of the drive. We speculate that the two

length scales are related, although the exact mechanism is not obvious. In any case,

the above discussion hints at the following general mechanism behind the observed

evolution in the structure. The effective frictional coupling Γ determines the

motion of a particle in response to the external driving. However, as the particle

moves it leads to static charge build up in the system due to triboelectricity.

Depending on the nature of the motion of the particles the charge distribution may

not be uniform but have specific spatial structure. In response to the redistribution

of the charges in the system, the frictional coupling Γ is modified.

The local variation in the time evolution of the particle substrate frictional interac-

tion aids the formation of the various growth patterns observed in the experiment.

With time, the system spatially segregates into regions of high and low densities

where particles have small and large mobilities, respectively. Further, the frictional

interactions evolve from being locally isotropic in regime I to being anisotropic in

regime II. The former can be observed from the time averaged image shown in

Figure 3.8 D first panel, while the latter is evident from the layered structure

observed in the time averaged image in Figure 3.8 E first panel.

The real part of the frictional coupling (Γ) is related to the ionic diffusivityD in the

system. This can be estimated from the motion of the particle front in the direction

perpendicular to the mechanical drive. During the onset of regime II (Figure 3.5)

the front moves by a distance, ∆z ∼ 10mm, in a time interval, δtw ∼ 10hours.

From this we estimate a diffusion coefficient D = ∆z2

δtw
= 3 × 10−3mm2/s. It is

observed that the value of D increases with f .
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3.3.8 Electrical measurements

We supplement the results obtained through imaging as described in the previ-

ous sections with a simultaneous in situ charge measurement technique shown

schematically in the insets of Figure 3.12 A. An electrode placed near the vial at

a fixed location in the lab frame monitors the charge developed in the system.

As discussed in Figure 2.1, the centre of the vial moves in a circular orbit. The

motion of the charged vial with respect to the electrode induces a current in the

electrode. At the closest point of approach, the electrode is s0 = 500µm away

from the vial’s surface. The current induced in the electrode depends on the local

(near the electrode) uncompensated charge on the vial, δQ, and its velocity (u)

with respect to the electrode, i.e., i = δQ.u.φ(s), where φ(s) is a proportionality

constant whose value depends on the distance (s) between the electrode and the

vial. In the present experimental geometry the distance between the centre of

the vial and the electrode (s(t) =
√
A2 + d2 − 2aAcos(2πft)) and therefore the

measured induced current (i) varies in an oscillatory manner; here A(= d+R+ s)

is the distance between the electrode and the centre of the orbit. We use a lock-in

based phase sensitive technique to measure the amplitude i0 and the phase (δi) of

the current i. The phase lag is measured with respect to the vial’s motion in the

orbit. We use the trigger pulses generated by the position sensor (TCRT 5000) as

the reference signal for the lock-in measurements.

Control experiments : To determine the dependence of i0 and δi on the charge

in the system, the frequency of the orbital motion (f) and the distance of closest

approach (s0) of the vial from the electrode, we have performed control experi-

ments as described below. A conducting tube is inserted inside the vial so that it

is in contact with it and a dc voltage (V ) applied on the conducting tube. The

charge on the conducting tube is proportional to the applied voltage and depends

on the self capacitance C of the tube. We find that the amplitude, i0, varies lin-

early with V (Figure 3.12 A) and frequency f (Figure 3.12 C) and it decreases

with s0 (inset of Figure 3.12 B ). The conducting tube has a self-capacitance of

C = 20pF , and the slope of the linear fit between i0 and V (=charge/C) provides

a proportionality constant ∼ (106 charges/cm2)/nA at f = 20Hz. The phase (δi)

is sensitive only to the sign of V (Figure 3.12 B and D), is independent of the

magnitude of f (Figure 3.12 D) and depends weakly on s0 (Figure 3.12 B inset).
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Figure 3.12: (A) Insets show the schematic side and plan view of the elec-
trical measurement setup. In the plan view, the vial (marked by solid circle)
moves on a circular orbit (dashed circle). Control experiment on the electrical
measurement setup is performed by inserting a conducting tube inside the PP
vial, which is connected to high voltage source. (A) and (B) show the measured
amplitude (i0) and phase (δi) as a function of the voltage (V ) applied on the
conducting tube. In this experiment, f = 20Hz. The inset of (B) shows the
variation of i0 and δi with the closest distance between the measuring electrode
and the vial (s). (C) and (D) show i0 and δi as a function of f for two values
of applied voltage V=1kV and-1kV.

In situ experimental results: The time evolution of i0 and tan δi for the

experiment described in Figure 3.5 A is shown in Figure 3.13 A and B, respectively.

We note that this method does not measure the net charge on the particle or the

substrate. Instead, it is sensitive to the charge imbalance (δQ) at a local scale,

i.e. near the electrode. The phase is sensitive to the motion of the charges with

respect to the surface of the vial. A typical measured i0 ∼ 1nA (Figure 3.13

A) corresponds to a net unbalanced charge of 106 charges/cm2. This provides

a lower bound of 10−14 C of charge per particle (a = 300µm). We have also

measured the average charge acquired by the glass particles in the experiment
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by an alternative method. The charged particles are poured into a Faraday cup

connected to a Keithley 6514 system electrometer which measures the charge.

This method provides a value of charge per particle (a = 300µm) to be equal to

∼ 10−13C. Near the end of regime I, one observes a rise in i0 and a distinct cusp

in tan(δi) at a time which precedes tcw. These precursor events lead to the onset

of regime II. The variation of i0/f and tan(δi) with frequency for the experiment

described in Figure 3.11 D and E is shown in Figure 3.11 H and I. From the control

experiments we expect i0/f to have a constant value. The change in the slope

of these curves coincides with the onset of drift of the particles (Figure 3.11 E).

Similar variation in i0 and tan(δi) observed at a given frequency as a function

of time as the system crosses over from regime I to II (Figure 3.13 A and B), is

presumably related to the observed collective migration of particles (Figure 3.5

B).

Figure 3.13: (A) and (B) show the simultaneously measured i0 and tan(δi)
during the experiment described in Figure 3.5. The dash dot line marks the
position of tcw.

3.3.9 The size sorting effect

A characteristic property of the monolayer structure formed on the wall of the

cylinder is that it does not support mixing of particles of different sizes. The

nature of interaction between the particles is such that it is favorable for particles

of different sizes to remain separated from each other. Figure 3.14 A shows the

structure obtained when we take a mixture of particles of two sizes (300µm and

500µm). We observe the particles of the two sizes phase separate- the phase at
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Figure 3.14: Particles of different sizes do not mix and phase separate with
larger particles occupying lower height. (A) The observed configuration for
a system consisting of a mixture of particles of mean diameters 0.3mm and
0.5mm. (B) The average diameter of particles present at height h: 〈a〉h is
plotted as a function of h. (C) The radial distribution function calculated in
the two phases separately and plotted as a function of r/a, a being the particle
diameter. The first peak of the two curves coincides, implying that the average
interparticle separation scales with the particle size (∼ 2a).

the top consists of particles of the smaller size while the phase near the bottom

consists of the particles of the larger size. The average diameter of the particles

found in the structure as a function of height is plotted in Figure 3.14 B. Since the

two phases themselves have some polydispersity (∼ 20%), we observe a gradual

decrease in the average diameter in the two phases themselves. We also note from

Figure 3.14 A that the smaller particles are closer together and the larger particles

are farther apart. In fact we find that the average inter-particle separation scales

with the size of the particle. This is evident from Figure 3.14 C, where we plot

the radial distribution function for the two phases as a function of the distance

scaled with the particle diameter. We find here that the position of the first peak

on the r/a axis coincides for the two phases.
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3.4 Conclusion

The present problem of an assembly of interacting particles being driven over a sub-

strate is a particular realization of the more general problem of driven many body

systems in a random potential which is commonly assumed to be time-invariant,

i.e., quenched. In the present system the motion of the particles produces tribo-

electric charging, thereby modifying the potential energy landscape over which the

particles move. This, in turn, modifies the motion of the particles. This coupling

between the spatial structure of the potential and the collective dynamics of the

particles leads to a feedback mechanism (see Figure 3.1 A) which ensures that

both evolve in a self-consistent manner, thereby producing novel self-assemblies

that evolve in time. Time evolution of frictional coupling has been previously

observed in a variety of systems, e.g., friction induced wear[1], frictional aging in

rocks[116], sticking of particles to substrates[113]. However, to our knowledge, the

long-scale structural reorganization of the resulting potential energy landscape and

their effects on the particle-assembly have been seldom investigated. We expect

that the present set of observations will motivate further work on triboelectric

phenomena as a rich source of pattern formation of particle assemblies moving

over a time-evolving potential landscape.
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Chapter 4

Dynamical instabilities of a

weakly adhered Brownian particle

A cycle of repeated attachment and detachment is commonly experienced under

externally applied stress at the interface between two rigid objects in contact.

The cyclic process is usefully interpreted in terms of dynamical instabilities or

transitions between static and sliding states describing their relative motion. Such

generic processes span extremely large spatial and temporal scales, ranging across

diverse physical systems and spatial scales such as the atomic, the biological and

the geological. These systems reveal common dynamical features[1, 25, 117] such

as the “stuck-sliding” (stick-slip) process where they repeatedly toggle between

the two states[118]. In the static state, the external force increases with time

until the system yields and slides, whereby the net force decreases sharply and the

stuck state is re-established. Understanding this detachment-attachment cycle

of the surface asperities, forming micro-contacts at the interface, is central to

unravelling a complex coexistence of linear and nonlinear mechanics of friction

and the dissipation mechanisms therein[119, 120].

These phenomena are widely studied in both microscopic and macroscopic scales

in rigid atomic or molecular solids where a deterministic dynamics dominates and

the bulk rigidity of the objects is comparable to that of the contact region at the

interface, such as for solid-on-solid contacts for both purely dry friction or lubri-

cated “boundary” friction. Relatively little is known for soft (easily deformable)

and Brownian systems in the mesoscopic scale, such as polymers, colloids, gels

73
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and membranes, where both quenched spatial inhomogeneities and thermal ef-

fects contribute. A close natural analog of the problem is that of “cell adhesion”

in biological systems[121].

In this chapter, we study a single “stuck-sliding” cycle of a Brownian silica colloidal

microsphere in contact with a moving glass plate in an aqueous solution under an

external restraining force applied using an optical tweezer of stiffness kopt. In this

problem the relevant length and time scales for the essential physics of adhesion

are readily measurable. As kopt is increased, the particle can make an abrupt

transition from a state co-moving with the plate to a state nearly static with

respect to the tweezer; this constitutes a stuck-to-sliding transition of the particle

in the reference frame of the plate. The experiments in this chapter report on

a rarely-explored situation where the restraining forces generated by the optical

trap (T) can indeed detach an otherwise-Brownian particle from a geometrically

and energetically rough substrate of the plate by initiating a sliding instability.

Furthermore, temperature aids the particle to explore many metastable minima of

the rough potential energy landscape which is directly observed during a stochastic

reattachment process while the tweezer is turned off.

4.1 Experimental system and methods

In the present experimental situation, the microscopic cohesive stiffness of bulk

silica, (∼ Ga = 10N/m[109], where G ∼ 100GPa[122] is the Young’s modulus

and a ∼ 1 Å is the typical lattice constant) is many orders of magnitude greater

than the measured adhesive coupling stiffness (∼ 100µN/m) between the silica

particle and a glass plate (P). This implies that the system is in “weak adhesion”,

in analogy with “weak pinning”, where the mechanics of the interfacial region

dominates over the bulk. Consequently, interpreting the dynamics through the

rheological behavior of a highly deformable effective stress-coupling medium at

the interface becomes especially convenient in this case. We find that detachment

is predominantly deterministic and is remarkably similar to yielding and fracture

associated with static and kinetic friction at solid interfaces. We also confirm,

and generalize, speculations about discrete basins of attraction through which the

particle reattaches [123, 124], by directly observing the spatio-temporal details of

the stochastic reattachment process.
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A schematic of the experimental setup is shown in Figure 4.1 (a). It consists of

silica particles of diameter a = 5µm suspended in an aqueous solution sealed in

a sample cell made of clean microscope cover slips at the top and the bottom

and a rubber O-ring constituting the side walls. An optical tweezer generates a

trapping potential and thereby exerts an external tangential force on the particle.

The normal load acting on the particle due to the tweezer is small compared to

the one arising from the lateral loading. Figure 4.1(b) shows a schematic of a

simple mechanical equivalent-circuit, where the particle is simultaneously coupled

to two springs representing the plate and the tweezer, i.e., potential wells, P and

T, respectively, and a dashpot representing the net damping. The spatial variation

in the interaction energy between the particle and the plate is responsible for the

adhesion of the particle to the plate and is denoted by Uadh. The corrugation at

the bottom of P as shown in Figure 4.1 (b) represents the manifold of multiple in-

plane metastable energy minima of a quenched potential Uadh while T is a purely

harmonic well.

Figure 4.1: a) Schematic diagram of the experimental setup. (b) An illustra-
tion of the mechanical coupling of the particle with the optical trap (T) and the
glass plate (P) indicated by a spring and a standard linear solid respectively.
The arrows through the springs indicate variable strengths.

4.1.1 Technique to selectively remove the background

In order to study the response of such a particle in presence of the force applied

using the optical tweezer a scheme for measuring the position of the particle with a

resolution of∼ 1nm is necessary. In our setup the lateral position of a beam of laser

scattered by the particle and magnified using a microscope objective is monitored
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using a Position Sensitive Detector (PSD) obtained from Hamamatsu Photonics.

Care is taken so that there are no other particles in close neighbourhood which

could interfere with the position measurement. In this scheme which works in the

transmission mode a large part of the laser passes through unscattered and forms

an illuminated background at the PSD. The presence of this background limits the

sensitivity of the position measurement. To remove this background we have used

a technique illustrated in Figure 4.2 (a). A lens placed in the path of the laser

beam focuses the part of the beam scattered by the particle and the unscattered

background at spatially two distinct points respectively. We place a block in the

form of a thin metallic wire at the point where the unscattered background is

focused. This cuts off the background without causing any significant distortion

of the light scattered by the particle which focuses on the PSD. Figure 4.2 (b)

and (c) show images at the position of the PSD without and with the described

Figure 4.2: The technique used to selectively remove the background light.
(a) Schematic description of the underlying principle. A lens placed in the
light path focuses the background light and the light scattered by the particle
at spatially two distinct points. A thin obstacle placed at the point where
the background light focuses, removes the background without any significant
change in the light scattered by the particles.(b) An image without employing
the technique and (c) after employing the technique.
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technique in place respectively. This trick successfully removes the background

and makes a massive improvement in the sensitivity of the position measurement.

4.1.2 Active Measurement

The coupling between the particle and the plate including the effect of the sur-

rounding fluid can be characterized by a micro-rheological parameter with both

elastic and viscous parts [123, 124]. If the elastic stiffness of the contact is k′p and

the viscous damping factor is Γ then the equation of motion of the particle (see

Figure 4.1(b)) neglecting the inertial term can be written as

Γ( ˙xres − ẋp) + koptxres + k′p(xres − xp) = 0 (4.1)

Here xp and ẋp represent the position and the velocity of the plate respectively

and xres represent the position of the particle. The plate is subjected to an in-

plane oscillation at a typical frequency =1.5 Hz: xp = xp0e
i2πf , while the optical

tweezer (generated by a 1064 nm Nd:Yag laser) is held fixed thus subjecting the

contact between the plate and the particle to an in-plane oscillatory shear force.

The resulting in-plane motion of the particle of an amplitude |xres| and a phase

difference ∆φ with respect to the plate is measured using a lock-in amplifier:xres =

|xres|ei(2πf+∆φ).When we substitute for xp and xres in Eq. 4.1, we obtain:

(iωΓ + k′p)(|xres|ei∆φ − xp0) + kopt|xres|ei∆φ = 0 (4.2)

The complex quantity iωΓ+k′p characterises the coupling between the particle and

the plate and has been defined as an effective complex stiffness k∗p(= k′p + ik′′p),

where k′′p = Γω. We solve the above equation to obtain the real and imaginary

parts of k∗p:

k′p = kopt
(Re(xres)xp0 − |xres|2)

((xp0 −Re(xres))2 + Im(xres)2
(4.3)

and

k′′p = kopt
Im(xres)xp0

(xp0 −Re(xres))2 + Im(xres)2
(4.4)
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Furthermore, the force Ft and displacement with respect to the plate are obtained

as: Ft = kopt|xres| and ∆x = xp0 − |xres|. For all experiments the silica particles

(obtained from Polysciences) are washed repeatedly to remove traces of surfactants

and the microscope coverslip is ultrasonically cleaned in an acetone bath. We

emphasize that all measured displacements and forces inferred from them are in

the x− y plane of the interface.

4.1.3 Passive Measurement

A passive measurement based on the fluctuation-dissipation theorem is made by

monitoring the thermally driven positional fluctuations of the particle in absence

of any external driving. The integrated spectral power, also known as the Nyquist

Noise, of a thermally driven overdamped Brownian particle in a confining potential

due both to the tweezer and the plate with a lower cut-off frequency fl and an

upper cut-off frequency fu is given by < δx2 >= 2kBT
kopt+k′p

[tan−1(2πfu
Γ

kopt+k′p
) −

tan−1(2πfl
Γ

kopt+k′p
)], where Γ is the viscous damping parameter and the relaxation

time (τ) of the system is equal to Γ/(kopt+k′p). We measure < δx2 > using a PSD

coupled to an ac voltmeter with fl = 3Hz and fu = 200kHz. For most of our

experiments, f−1
u << τ ∼ 1ms << f−1

l ; we approximate the above equation with

the form < δx2 >= B
kopt+k′p

+ A, where A is an added background term, precisely

calibrated from the measurement of < δx2 > for a particle in the bulk fluid away

from the plate and for a known kopt. This equation is also used to calculate the

variation of k′p with varying kopt at a typical distance of 0.5µm of the particle from

the plate. The experimental results discussed below show that the results obtained

from this passive analysis agrees well with those from active measurements in both

the stuck and the sliding states. This implies that the system is linear in both the

stuck and the sliding states and the primary nonlinearity appears in the transition

between these states. In the present situation, the transition is highly hysteretic

and there is no toggling between the two states which justifies the use of these

methods.
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4.2 Experimental results

4.2.1 Detachment process

Figure 4.3 (a), (b) and (c) show the variation of the particle’s motion |xres|/xp0,

tan(∆φ) = Im(xres)/Re(xres) and thermal fluctuations < δx2 > in the particle’s

position, respectively, as a function of increasing (circles) and decreasing (trian-

gles) kopt for Cs=30mM. The stability of the particle in either well is tuned by

raising or lowering kopt which causes a tilt, altering the height of the energy barrier

between them. The transition of the particle from the P(T)-well to the T(P)-well

is abrupt in all these measured quantities. They are also strongly hysteretic, i.e.,

the transition from T (P) well to P(T) occurs at a smaller (larger) value of kopt.

This is illustrated by the particle’s residence in one of the two wells. Moreover,

the F − x curves are distinctly non-linear for smaller Cs, i.e., the potential is

non-harmonic. A plausible explanation is that tangential forces incrementally re-

form/reconstruct the contact region leading to a greater enhancement of force with

incremental displacement.

Figure 4.3: The relative amplitude (|xres|/xp0), shown in (a), and the tangent
of the phase difference (tan(∆φ)), shown in (b), of a 5µm diameter silica particle
with respect to the plate in response to an external ac driving as a function of
optical trap stiffness, kopt for salt concentration, Cs = 30mM . c) Mean square
thermal fluctuation in the position of the particle in absence of external ac drive
for the same case as in (a) and (b). The circles and the triangles correspond to
the forward and reverse cycle of kopt.

Silica surfaces (both the glass plate and the silica microsphere) in aqueous so-

lutions acquire a finite negative charge due to the dissociation of silanol groups

(SiOH ↔ SiO− + H+)[25]. Hence, the adhesion potential between the particle
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Figure 4.4: (a) |xres|/xp0 as a function of the optical trap stiffness, kopt, and
(b) the corresponding force (Ft)-displacement (∆x) curve and (c) the variation
of the real (k′p) and imaginary (k′′p) parts of the contact stiffness with Ft for
Cs = 30mM (circles), 20mM (triangles) and 0.25mM (squares). The inset
to (b) shows a schematic of the nature of contacts, supposed to behave like a
standard linear solid. The asperities in elastic contact give a zero-frequency
spring constant, while the liquid confined between the asperities behave like a
Maxwellian visco-elastic solid. (d) Frequency dependence of k′p (open symbols)
and k′′p (filled symbols) at two values of tangential loads: 6pN (triangles) and
16pN (circles). The solid and dotted lines are fits to the standard linear solid
model .

and the plate in water, Uadh, consists of an attractive van der Waals part and

a repulsive electrostatic part. Further, the presence of electrolyte in the aque-

ous medium screens the interaction between charged surfaces with a characteristic

length scale, the Debye length (∼ 1√
Cs

)[25]. Here Cs is the electrolyte (NaCl) con-

centration in water. The repulsive electrostatic part of the overall interaction, can

be reduced by increasing Cs[25]. Figure 4.4 (a) shows the same instability as above

for Cs = 30mM(circles), 20mM (triangles) and 0.25mM (squares). Two trends

for larger Cs are obvious: (1) the transition moves to a larger kopt, as expected,

but also (2) the pre-transitional region becomes less gradual and more abrupt.

From the data in Figure 4.4(a), we calculate the characteristic force-displacement
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curve. As discussed above, the force is calculated as Ft = kopt|xres| and the dis-

placement measured in the plate’s reference frame as ∆x = xp0 − |xres|. These

curves are shown in Figure 4.4(b). The dashed lines with arrows mark the insta-

bility accompanying the stuck-to-sliding dynamical transition. It also reveals that

systems with higher Cs have a lower critical strain (∆xc/xp0) and a larger critical

force (F c
t ), at which the particle detaches. For the particle to detach from the

local potential, it has to become unstable in the potential minimum it is in, which

happens when Ft = F c
t ∼ Uadh/ξ , where ξ is the range of the potential (ξ ∼ ∆xc).

The observation that the critical strain lowers with increase in Cs is consistent

with the trend that the length scale setup by electrostatic screening decreases

with increasing concentration. However, the energy dissipated (Uadh ∼ F c
t ∆xc)

in the process of unsticking is ∼ 1× 10−17J and is only weakly dependent on Cs.

This suggests that an enhanced electrostatic screening at larger Cs results in two

different effects: the overall interaction range decreases but depth does not. The

variation of the parameters k′p and k′′p with the effective force Ft, illustrating the

contact rheology, is plotted in Figure 4.4(c):k′p increases with Ft for the stuck state

until it undergoes the mechanical instability at a critical force F c
t . Moreover, the

variation of k′p with Ft is weak (strong) for large (small) Cs, respectively. The

detachment process occasionally consists of multiple steps (see Figure 4.4a for

Cs = 0.25mM) illustrating a variation of the mesoscopic-scale phenomena under

investigation here. Overall, the results substantiate the point emphasized above:

for a soft and deformable interfacial potential, considerable modification of the

effective contact surface occurs with varying lateral in-plane load.

In Figure 4.4(d) we show the frequency-dependence of the effective rheological

parameters, k′p(ω) (open symbols) and k′′p(ω) (filled symbols), for two values of

imposed ac tangential forces of amplitude Ft = 6pN (triangles) and 16 pN (circles).

The storage part of the coupling k′p(ω) has a finite zero-frequency value k′p(0), while

k′′p is linear with ω over a large frequency range. This implies that the contact can

be modelled as a standard linear Maxwellian solid, where k′p(ω) = k′p(0)+∆k (ωτ)2

1+(ωτ)2

and k′′p(ω) = ∆k ωτ
1+(ωτ)2

[125]. In this model, in the limit of zero frequency the

system has an elastic stiffness k′p(0) and a viscous damping ∆kτ , τ being the

relaxation time scale of the system. Fitting the linear Maxwellian solid model

to k′p(ω) and k′′p(ω) one obtains k′p(0)=13.2µN/m for Ft = 6pN and 26µN/m for

Ft = 16pN while ∆k = 263µN/m and τ = 0.8ms are found to be same for both

values of the applied force. Physically, k′p(0) arises from the contact stiffness of

the surface asperities, while k′′p and ∆k stem from the relaxation dynamics of an
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effective viscoelastic medium as illustrated in the inset of Figure 4.4(b). For a

freely diffusing particle the effective viscosity and k′′p are related as η =
k′′p

3πaω
. The

nearly 10 to 100-fold increase in k′′p , between the stuck and the unstuck states,

respectively, is a measure of hindered diffusion experienced by the particle.

Figure 4.5: Comparison of the variation of k′p with kopt obtained from
active (circles) and passive (squares) measurements for salt concentration,
Cs = 0.25mM . A close agreement between the two is observed in both the
stuck and the sliding regimes.

Figure 4.6: Variation of k′p − k′p,(Ft=0) with Ft scaled with ks and F tht re-

spectively for different values of Cs(stars for 0.05mM , triangles for 20mM and
circles for 30mM) forms a master curve empirically found to have the form
k′p−k′p,(Ft=0)

ks
= 1−e

−Ft
Fth (shown by the black solid line). The parameters k′p,(Ft=0),

ks and Fth have been determined by fitting each data set to this functional form.
The three different salt concentrations shown cover different parts of the master
curve.
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Figure 4.5 demonstrates the equivalence of the variation of k′p with kopt obtained

from both active (circles) and passive (squares) measurements for Cs = 0.25mM .

This observation signifies that the fluctuation-dissipation remains valid in the

present experimental situation. This establishes the linearity of the system in

both the stuck and the sliding states (the latter is marked by the encircled cluster

of points). Importantly, the transition between the two states remains the primary

non-linearity in the problem which greatly simplifies[25] the interpretation of the

data. Moreover this further supports the scenario of the real area of contact

varying with the applied force rather than intrinsic non-linear beahaviour of the

contact springs.

Figure 4.7: The parameters (a) k′p,(Ft=0), (b) ks and (c) F tht used to obtain the
master curve shown in Figure 4.6 is plotted as a function of salt concentration
Cs. These parameters are obtained by fitting individual k′p vs Ft data to the

functional form (
k′p−k′p,(Ft=0)

ks
= 1− e

−Ft
Fth ) .

We conclude this section with a remarkable, albeit empirical, observation of scaling

of data obtained by repeating the experiment for different particles and varying

Cs’s at various spatial locations on two different plates. Figure 4.6 shows that the

variation of k′p−k′p,(Ft=0) with Ft for different values of Cs’s can be made to form a
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master curve (shown by the solid line) by normalizing the abscissa and the ordinate

with scaling parameters ks and F th
t , respectively. The values of k′p,(Ft=0), ks and

F th
t for various experimental realisations are obtained by fitting each data set to an

empirical scaling form of the master curve,
k′p−k′p,(Ft=0)

ks
= 1− e

−Ft
Fth . The variations

of these parameters with Cs are shown in Figure 4.7. The stronger (weaker)

variation of k′p − k′p,(Ft=0) with Ft correspond to low (high) Cs. This variation is

related to interfacial reconstruction, an effect generic to depinning transitions[114].

Such reconstructions of the contact region have previously been observed for dry

friction [19, 20, 126] and boundary lubrication[127]. Our system is analogous to

the latter. For higher Cs, the electrostatic repulsion is lower and the net normal

adhesive force is high. This leads to an early saturation of the k′p and larger ks

as observed. The value of k′p,(Ft=0) which is related inversely to the square of the

width of the trapping potential minimum (∼< δx2 >) increases with Cs. This

implies that at larger Cs, the particle explores a steeper and narrower potential

minima. The linear variation of the average ks (denoted by < ks >), calculated

from repeated experiments at the same Cs, with the average F c
t (denoted by

< F c
t >) is plotted in Figure 4.8. Here < F c

t > denotes the critical force at

which the contact yields and the particle makes a transition from the stuck to

the sliding state. A linear correlation also appears in the context of yielding of

colloidal gels[128]. This interestingly suggests that the characteristic rheology of

a many-body colloidal system is reflected in the contact region of a single colloidal

particle sticking to a glass plate. Clearly, further work is needed to understand

the physical mechanism underlying these empirical observations.

Figure 4.8: The figure shows the relation between the depinning force, 〈F ct 〉,
and the scaling spring constant, 〈ks〉. The angular brackets denote averaging
over many runs for a fixed Cs.
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4.2.2 Reattachment process

We next present the results from our study of the process by which a parti-

cle, initially in a tweezer potential T, reattaches to the plate. Here we ob-

serve an important role of stochastic dynamics. In this experiment, we turned

off the tweezer potential and monitored the time evolution of the particle’s tra-

jectory in the x− y plane by evaluating its positional mean square displacement,

MSD =< |r(t + τ) − r(t)|2 >t, where t is the starting time and τ is the lag

time and the averaging as denoted by the square brackets is done with respect to

the initial time t. Figure 4.9 (a) (i), (ii) and (iii) show the time evolution of the

particle’s distance measured from its position at t = 0 when kopt is turned off, for

Cs = 0.05mM , 10 mM and 30 mM respectively. The particle undergoes nearly free

diffusion for a “residence time” tR and then diffuses more slowly. The trends are

obvious: both tR and the MSD decrease rapidly with increasing Cs. This points

towards a mechanism involving an activated process where the activation barrier

increases with Cs due to an enhanced electrostatic screening. Most remarkably,

however, the hindered diffusion has spatial signatures as well. Figure 4.9 (b) and

(c) show the trajectory of the particle in time in the x− y plane for case (i) and

(iii) respectively. In the former case the MSD is shown in Figure 4.9(d); the par-

ticle diffuses over nearly half of its radius, but fails to escape, implying a weak

but finite Uadh. The various lines in Figure 4.9(d) show the MSD’s, calculated by

dividing the entire time-series into four equal parts , each of length 100 sec. Their

overlap illustrates that the system is in a stationary state. In contrast, for (iii),

the trajectory begins with a rapid diffusion for tR ∼ 7 seconds and then enters

a highly hindered region. The region of fast and hindered diffusion is marked by

α and β respectively. Upon further amplification, the patch corresponding to β

shows a subdivision into three distinct patches, β1 ,β2 and β3. The residence time

is found to increase as the system progresses, in a punctuated manner, from one

patch to the next, e.g., tR = 38 , 136 and > 197sec for β1, β2 and β3, respectively.

The typical distance q ∼ 0.1µm between the centroids of these patches, a measure

of the pinning length of the quenched potential associated with the energy cor-

rugation is clearly comparable to the thermal diffusion length < δx2 >(1/2). The

spatial substructure in the patch β2 shows an even smaller scale of patchiness upon

further amplification. These results show spatially distinct and hierarchical basins

of attraction or “cages”. This is further shown in Figure 4.9(e) where we show

the MSDs calculated separately for the patches α, β1, β2 and β3. Each subsequent
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Figure 4.9: (a) (i) , (ii) and (iii) show the distance travelled by the particle
from its position at t = 0 when kopt is switched off, for Cs = 0.05mM ,10mM and
30mM respectively. The particle undergoes nearly free diffusion for a “residence
time” tR and then diffuses more slowly. The corresponding trajectory in the
x-y plane for the cases Cs = 0.05mM and 30mM is shown in (b) and (c)
respectively. The colour encodes the time elapsed since t = 0. The patchiness
in the trajectory in (c) has been marked out as α and β. β has been amplified
to show three sub-patches β1, β2 and β3. β2 has been further amplified to show
the underlying sub-structure. Their corresponding MSD’s are shown in (d)
and (e) respectively. The MSD’s in (d) taken at time intervals of 100 seconds,
fall on the same curve, demonstrating stationarity of the state reached. The
MSD’s calculated for the patches α, β1, β2 and β3 are shown in black, red, blue
and green respectively in (e). In contrast to (d), they progressively decrease,
demonstrating marked aging.
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plot shows a rapid decrease in the overall MSD implying that they represent pro-

gressively deeper potential minima in a punctuated manner[123, 124, 129]. More-

over, a complex time dependence of the MSD graphs in Figure 4.9(e) with flatter

(cage) regions further illustrates the presence of a hierarchy of barriers in pro-

gressively smaller spatial scales for increasingly hindered diffusion. This directly

demonstrates that the system is overcoming the local energy barriers in step-wise

manner making adhesion a gradual, discrete and time-dependent process. The

system’s punctuated descent down the energy landscape suggests that adhesion

between two objects left in contact with each other in absence of external forces

will improve with time but in a discrete manner. Time dependence of frictional

coupling between surfaces in contact has also been observed earlier[130]. These re-

sults present direct evidence of a thermally activated descent of the particle down

an energy funnel through metastable minima with progressively larger activation

barriers, an aging scenario that is ubiquitous in disordered systems.

Similar aging in the sticking process has been observed for particles at interfaces

and has been associated with the draining of the lubricating fluid [129, 131]. The

time scale associated with the draining is set by a combination of repulsive normal

force arising from the fluid drainage, the electrostatic repulsion and the attractive

van der Waals interaction. A simple minded picture of the dynamics of sticking

would suggest that a non-zero height is attained by the particle immediately after

unsticking, this is a result of the failure of the micro-contacts supporting the

particle[132]. For high values of Cs the repulsive electrostatic term is strongly

screened. This reduces the net repulsive force acting on the particle, thereby

increasing the rate of drainage. Obviously, such a simple model does not address

the discreteness of the spatio-temporal aspect of the re-adsorption phenomenon.

The above mechanisms would suggest the separation between the particle and

the plate to change with time. However, using holographic techniques[133] which

have a resolution of 10nm, we have not been able to resolve such changes. Further,

the experimental techniques presented in this chapter studies the motion of the

particle in the plane parallel to the glass plate and is insensitive to the microscopic

change (∼ 10nm) in the height of the particle.
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4.3 Conclusion

The findings presented in this chapter provide insight into the single-particle

processes that constitute macroscopic dynamics of colloidal crystals, fluids and

glasses, just the way atomistic parameters and processes constitute the macro-

scopic properties of conventional atomic and molecular condensed matter. For

example, sheared flocculated colloidal systems dissipate their energy by either ir-

reversibly altering the position of the individual particles or by interacting with

the surrounding fluid environment. The modified configuration of the particles

arises due to breaking and making of bonds among them. The highly hysteretic

nature of a single stuck-sliding process of a colloidal particle, shown above, implies

that the rate of yielding of contacts significantly exceeds the rate of healing. The

net in-plane local Uadh arises from spatial fluctuations of the overall interaction

potential between the particle and the plate. While the range and curvature of

the net interaction potential depend on Cs, its total depth does not, as discussed

above. In the context of colloidal aggregates, interestingly, this would suggest

that the latent heat of melting of is independent of the salt concentration. This is

broadly consistent with the results of Monte Carlo simulations of charge stabilized

colloidal crystals [134]. Though melting and freezing of colloidal suspensions are

well studied in literature[135], a direct calorimetric measure of the transition is

not available and remains an open question.

Within the paradigm of a stress transmitting medium used in a host of recent

studies[123, 124], the coupling in the stuck regime is the rheological analog of

a standard viscoelastic material, while an abrupt decoupling at the stuck-sliding

instability is analogous to a mechanical failure and can be viewed within a scenario

of yielding and fracture. The system’s response to tangential forces implies a

reconstruction of the interface, i.e., an increase of the interfacial area and also a

weak dependence of sliding friction on velocity[1]. Additionally, a thermally driven

re-adhesion yields direct evidence of the stochastic instability in the dynamics

resulting in a punctuated descent down an energy landscape with spatially resolved

hierarchy of metastable energy minima, a scenario often studied in the context

of disordered many body systems. Moreover, the observed punctuated decent

appears to be a more “universal” phenomenon than one that explicitly requires

polymeric tethers[123, 124], as suggested previously. It appears to only require

a few mesoscopic degrees of freedom, a kind of “metaphoric” tethers rather than

actual ones, a question that needs to be explained with more detailed experiments.
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Our results also imply that the mechanical response of consolidated particulate

matter comprises many irreversible detachment-attachment events (mechanical

instabilities) in the mesoscale which contribute to their internal friction, analogous

to the microscopic dynamics for conventional atomic or molecular solids.





List of Symbols

SLM Spatial Light Modulator

p Relative intensity of the two superposed optical traps

D Distance between the centers of the two traps

λ Wavelength of the laser used to form the traps

a Particle diameter

Dc The value of D below which the effective potential has a single

minimum and above which it has multiple minima

n Number of minima in the effective potential

φ(x, y) The value of the phase at the pixel (x,y) in the phase only hologram

F (x) Net force acting on the particle at position x in presence of the two

traps

Γ Viscous damping factor (= 3πηa), η being the viscosity of the

medium

< δx2 > Mean square position fluctuation
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Chapter 5

Transition of a particle between

adjacent optical traps

5.1 Introduction

In the last chapter we used an optical tweezer as a tool to probe the nature of

adhesion between a colloidal particle and a flat surface. Optical tweezer is widely

regarded as an important experimental tool in the field of soft matter and biolog-

ical sciences. It is frequently used to noninvasively measure small forces (∼ 10−12

N) and to transport matter with precision [136–138]. However the usefulness of

the tweezer to measure small forces with precision depends crucially on reliable

methods to calibrate the force applied by a tweezer. In most studies the trapping

potential due to the tweezer is usually assumed to be harmonic. Although this

approximation holds true for small displacements from the center of the trap, sig-

nificant deviations are expected for large displacements[139]. A detailed form of

the trapping potential can be derived using scattering theory [140]. However, only

a few reports compare an experimentally determined form of the entire potential of

a single trap with the calculated one [141]. A direct comparison is experimentally

difficult because it requires enabling the trapped particle to explore the ener-

getically unfavorable high lying states of a single well in a repeatably controlled

manner.

We present here a technique which circumvents the difficulties mentioned above

and is able to calibrate the full potential due to a tweezer. The technique is based

93
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on studying the transition of a colloidal particle between two spatially separated

optical traps, created using an spatial light modulator (SLM), as a function of

the relative intensity (p) of the two traps and the separation (D) between their

centers. For small separations, the passage of the particle from one trap to the

other is continuous. As the separation is increased the transition becomes discrete

consisting of single or multiple jumps. In this regime the position of the particle

is relatively insensitive to changes in p except near the point of jump, where for a

small incremental change in p, a large change in the position occurs. Such sudden

changes caused by smooth alterations in the control parameter are observed in

a variety of natural phenomenon, e.g., Euler buckling of a beam or electronic

flip-flop circuit [142], and are categorized under the common name ”catastrophe”

[142–144]. We have used the measured equilibrium position of the particle as a

function of the relative intensity of the two traps and the separation between them

to calculate the force-displacement curve for an optical tweezer over a very large

spatial extent. Additionally, the experimental protocol provides, to our knowledge,

a novel method to translate or position a particle with sub-pixel resolution of the

SLM.

The working principle of the method relies centrally on the fact that an optical

tweezer is not purely harmonic for large displacements from the minimum of the

potential, as mentioned above and that a combination of two spatially separated

optical traps would yield an effective potential whose functional form in space

can be varied[139]. By changing the relative intensity (p) of two traps placed at

distance D (measured in units of λ (= 1.064µm), the wavelength of the trapping

laser), various forms of effective potentials can be generated. We estimate the form

of these potentials from scattering theory using the Matlab based “optical tweezers

computational toolbox” developed by Nieminen et. al. [140]. For particle radius,
a
2
> λ (a

2
= 2.5µm in our case) two clear trends are observed. For D smaller than

a critical distance Dc ∼ 3λ, i.e., D < Dc, the number of minima in the potential,

n = 1. In this regime the effective potential has a single minimum and as p is

changed from 0 to 1 this minimum moves continuously from the center of one

individual well to that of the other. As a result the trapped particle is translated

along with the minimum of the effective potential. Moreover the particle’s motion

characterised by the position of the particle as a function of p remains reversible. In

contrast the situation D > Dc involves multiple minima in the effective potential.

In this case the particle continues to occupy its initial energy state until it becomes

a stationary point of inflection in space. The particle then makes an abrupt
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and hysteretic transition to the next available potential energy minimum. The

corresponding phase diagram involving the number of minima in the effective

potential as a function of the control parameters D and p is shown in the top

panel of Figure 5.1. The circles, vertical lines and crosses, correspond to situations

where n = 1, n = 2 and n > 2, respectively.

A B C

D E F

G H I

J
K L

D

Figure 5.1: Phase diagram showing the number of minima in the potential for
various values of the relative intensity, p, and separation, D; circles correspond
to one minimum, vertical lines to two minima and crosses to more than two
minima respectively. The form of potential at different points in the p − D
plane marked by A · · ·L are shown in the bottom panels. In the above figure
D is plotted in units of λ.

The boundary which separates the region n = 1 from the region n > 1 is marked

by a solid line in Figure 5.1. The dashed line in the figure separates the parameter

space corresponding to n > 2 from n = 2. The lower panels of Figure 5.1 show

the form of the potential for different values of the control parameters marked

in the phase diagram by alphabetic letters ranging from A to L. We note that
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if a
2
< λ the phase diagram has a cusp separating the region of one minimum

from the region of two minima; however, in this paper we restrict ourselves to the
a
2
> λ-case.

The phase diagram obtained above suggests that the phenomena can be described

in terms of a “butterfly catastrophe” [143–146]. A butterfly catastrophe is one of

the seven elementary catastrophes and can be derived from a six degree polynomial

U(x; a, b, c, d) = 1
6
x6 − ax − 1

2
bx2 − 1

3
cx3 − 1

4
dx4 where a, b, c, d are numerical

coefficients. The separatrix of the catastrophe defined by ∂U
∂x

= 0 and ∂2U
∂x2

= 0

separates the control parameter space into regions where U has one, two and three

minima, respectively. By comparing our phase diagram with that obtained for the

butterfly catastrophe[143], we can make the following correspondence between the

parameters in our experiment and the coefficients of the polynomial given above:

x ∼ position of the particle along the line joining the two traps, p ∼ a, D ∼ b,

c = 0 in our case.

It is also interesting to note that the phenomenological “Landau-Devonshire”

model with generalized Landau approach that accounts for both first order and

second order phase transitions, assumes a similar form for the free energy as a

function of the order parameter, with the coefficient c = 0 for symmetry reasons

[147, 148]. This leads us to an analogy between the present experiment and the

more familiar and physical case of a phase transition. The position of the par-

ticle in our experiment is like an order parameter in a phase transition, p is like

a bias factor or an external field, the distance between the two traps is like the

temperature. In particular, p = 0.5 corresponds to the situation where there is no

external force. Moving along the p = 0.5 line for a
2
> λ, the situation considered in

this paper, x(D) shows a first order transition. However, for a
2
< λ the transition

becomes second order[139] and the phase diagram shown in Figure 5.1 (top panel)

reduces to a cusp. In U(x; c = 0) as discussed above the transition is first order for

d > 0 and second order for d < 0. It should be noted that although the functional

form U(x; c = 0) describes the phase diagram well, it holds true only for small

values of the order parameter, i.e., only near the point of transition.
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Figure 5.2: a) The experimental setup. A 1064 nm laser beam is used to
form optical traps. The incident wavefront is phase-modulated using an SLM
to form multiple traps. The sample consists of 5µm Silica microspheres in an
aqueous environment. b) and c) show holograms generated using the Gerchberg-
Saxton algorithm to create single optical traps. d) is the hologram obtained by
combining b) and c) at a pixel fraction, p = 0.5, using the random masking
algorithm. The holograms are gray-scale images, false color has been used for
clarity. The corresponding bottom panels e), f) and g) respectively show the
simulated intensity profile obtained by taking the Fourier transforms of unit
amplitude complex numbers corresponding to the phase in the holograms.

5.2 Experimental setup and methods

The experimental setup is schematically shown in Figure 5.2 (a). A Nd:YAG

infrared laser of wavelength, λ=1064nm focused using a 12 NA, 63x, water im-

mersion objective (Carl Zeiss Objective “C-Apochromat”), is used to generate

the optical trap. A phase only spatial light modulator (Hamamatsu LCOS-SLM)

generates multiple optical traps through spatial modulation of the phase of the
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incident plane wavefront. The sample consists of 5µm (diameter) silica (refrac-

tive index =1.5) particles suspended in an aqueous solution sealed in a sample

cell made of clean microscope cover slips, for the bottom and the top plates and

a rubber O-ring for the side walls. We use the Gerchberg-Saxton algorithm (G-

S algorithm) to generate the phase holograms corresponding to a single optical

trap [149, 150]. The algorithm consists of an iterative procedure that converts an

intensity-image into its corresponding phase-only hologram[149]. We generate two

phase holograms, shown in Figure 5.2 (b) and Figure 5.2 (c), corresponding to the

two optical traps separated spatially by a distance D. These two holograms are

then combined using a modification of the random masking algorithm proposed

by Montes et. al. [151]. This method is based on the idea that even a part of a

hologram generates the whole image back and hence one can combine two holo-

grams by taking half of each and merging them to form a single hologram. This

would recreate both the images. In the present situation we randomly choose a

fraction of pixels p from the total available pixels on SLM, and assign to these

pixels, values corresponding to the first hologram and the remaining 1−p fraction

of pixels are assigned values corresponding to the second. The fraction p deter-

mines the relative intensity of the two traps. The intensity varies linearly with p;

for p = 0.5 the intensities of the traps are equal. The phase hologram obtained by

merging the two individual holograms by the above described algorithm is shown

in Fig.5.2 (d). We can simulate the intensity profile obtained in the image plane

from a hologram φ(x, y) by taking the Fourier transform of eiφ(x,y). In the panels

(e), (f) and (g) of Fig.5.2, we show the intensity profile calculated in this way

for holograms (b), (c) and (d) respectively. The traps are placed at the positions

−D/2 and D/2.

5.3 Results

5.3.1 Transition between two traps

Figure 5.3 shows the position of a trapped particle along the direction in which

the two traps have been placed, as a function of increasing (squares) and decreas-

ing(circles) values of p (bias factor). The panels (a), (b) and (c) correspond to

measurements for Dλ = 1.5, 3.6, and 5µm respectively. The directions of in-

creasing and decreasing p are shown by the analogously pointing arrows. For
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Dλ = 1.5µm < Dcλ, the particle moves continuously and reversibly from the cen-

ter of one trap to that of the other as p is changed from 0 to 1. The non-linear

variation in the position as a function of p is a manifestation of the anharmonicity

of the trap. The inset to Figure 5.3 (a) shows that the method can position an

optically trapped particle spatially with a precision of 40nm, significantly bet-

ter than a precision of 250nm achievable by shifting the trap by one pixel on the

SLM. This clearly demonstrates the usefulness of this method to achieving particle

positioning with great precision.

I=0.63

I=0.62

 4
0

 n
m

a) b) c)

d) e) f )

Figure 5.3: Experimentally measured motion of the particle as the relative
intensity between the two traps is changed, for separations Dλ= 1.5µm, 3.6
µm and 5µm is shown in a), b) and c) respectively. The onward run is shown
in square (black) while the return run in circles (grey). The corresponding
bottom panels are the curves obtained from numerical calculations for identical
parameters. The inset to panel a) shows the position as a function of time as p
is changed from 0.62 to 0.63. The corresponding change in position is 40nm.

In contrast, for D > Dc the transition of the particle from the initial to final state

happens in a discontinuous and hysteretic manner. Using a language analogous to

the phase transition terminology we may say that the external field-induced tran-

sition is first-order. Figure 5.3 (b) and (c) show the transition for Dλ = 3.6µm

and Dλ = 5µm respectively. While in the latter case the transition happens in a

single step, the former shows two steps. The two-step transition arises because in

this range of parameter values there exists a third minimum in the potential about
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x = 0 , a feature of the ‘butterfly catastrophe’ for c=0 and d > 0[144]. Interest-

ingly, BaTiO3, a ferroelectric which undergoes first-order phase transition modeled

by the Landau-Devonshire theory, shows a similar double hysteresis loop in the

polarization-electric field curve at a temperature slightly greater than the critical

temperature, Tc [152]. Figure 5.3 (d), (e) and (f) show the position of the particle

as a function of p for Dλ = 1.5, 3.6 and 5µm, respectively, computed numerically

using the algorithm given by Nieminen et. al. [140]. We observe a qualitative

agreement between the experimentally observed and numerically computed data.

The extent to which the trapping potential is captured by the scattering theory is

reflected in the matching of the numerical calculation with the experimental data.

Thus the variation of the position with p can be used to validate the accuracy

of a calculated trapping potential. Further it also allows one to parametrize an

empirical form of it.

5.3.2 A method to calibrate the optical tweezers

Data from the experiments described above can be used compute the form of

the trapping potential of a single optical trap over a large spatial extent in a

way described below. From the various runs like those shown in Figure 5.3 (a),

(b) and (c), we obtain the equilibrium position of the particle as a function of

the parameters p and D. We assume that the force-displacement curves for the

two traps have an identical form F (x). The net force acting on a particle in

the presence of the two traps is, then, of the form: (1 − p)F (x) + pF (x − D).

For every equilibrium position x(p,D) of the particle measured at a given p and

D, the net force acting on it due to the two optical traps add up to zero, i.e.,

(1 − p)F (x) + pF (x − D) = 0. Discretizing the full range of x accessible in our

experiment, we obtain a set of linear homogeneous equations. We further assume

that along any given direction the function F (x) is odd about the center of the trap,

i.e., F (−x) = −F (x), i.e., the potential is invariant under an inversion operation

through the center of the optical trap. We solve the set of linear homogeneous

equations under these assumptions to determine F (x) up to an unknown overall

multiplication factor. In order to fix this multiplication factor we use the power

spectrum of fluctuation in position of a trapped particle in the configuration p = 0

shown as scatter plot in the inset to Figure 5.4. A Lorentzian fit to the power

spectrum (solid line), S(f) = kBT
Γπ2(f2+f2c )

, where Γ = 3πηa, η = 1mPas is the

viscosity of the surrounding medium, gives a corner frequency, fc = 12Hz. The
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trap stiffness in the small displacement limit is obtained from the corner frequency

using the relation kopt = 6π2ηafc [153]. The value of this trap stiffness has been

used to fix the slope of the force-displacement curve in the small displacement

limit (shown as a dotted line).The resulting force-displacement curve in physical

units (circles connected by straight line segments) is shown in Figure 5.4; the curve

obtained from numerical calculations using the algorithm developed by Nieminen

et. al. [140] based on scattering theory is shown as solid line.
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Figure 5.4: The force-displacement curve for an optical tweezer obtained from
x vs. p curves shown in Figure 5.3 using the method described in the text, is
shown by circles connected with straight line segments. The scatter plot in the
inset shows the power spectrum of fluctuation in position in the configuration
p = 0. The solid line is a Lorentzian fit to the data giving a corner frequency
of 12Hz. Using this we calculate the small displacement limit (dotted line) of
optical trap stiffness which has been used to provide the physical scale to the
experimentally obtained force displacement curve. The curve obtained from
numerical calculations employing scattering theory is shown as solid line.

5.3.3 Thermal effects

According to the delay convention [143, 144], a particle continues to occupy a po-

tential minima until it becomes a point of inflection as mentioned above. However,

in a system with finite thermal effects, the transition may happen earlier owing

to fluctuations and in such a situation the width of the hysteresis loop, δp would

depend on the sweep rate of p [154]. In Figure 5.5 (a), we show the hysteresis loops
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for Dλ = 4.7µm done at three different rates, ν =50 mHz, 5mHz and 0.5 mHz.

The width of the hysteresis loop is observed to increase with increasing sweep rate

as shown in the inset. The log-linear relationship between the rate and the width

of the loop implies an activated response, as expected [154].

(a)

(b)

Figure 5.5: (a) Hysteresis loops done at three different time-rates. The solid,
dash, dash-dot lines correspond to 0.5 mHz, 5 mHz and 50 mHz respectively.
The width of the hysteresis loop, δp, increases with increasing rate as shown
in the inset implying a finite role of temperature. (b) shows the trap stiffness,
kopt, obtained from thermal fluctuations in position as a function of p for Dλ=
5µm respectively. Only the return part of the cycle is shown.

Moreover the thermal fluctuations in position can be used to compute the local

stiffness (kopt) at the potential minimum defined as the second spatial derivative

of the potential energy. The stiffness kopt is related to the measured thermal

fluctuations in position of the particle by kopt = kBT/
√
< δx2 > [155], where

< δx2 > is the mean square of fluctuation in position measured in our experiments
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over a frequency band of 3Hz to 300kHz. Figure 5.5 (b) shows similarly calculated

kopt as a function of p for Dλ = 5µm. At the point where the system makes a

transition from one state to the other, the stiffness associated with the first state

approaches the value zero.

For situations where the effective potential has multiple minima, a barrier between

the minima prevents the hopping of particles between the available minima. How-

ever if the height of the barrier is comparable to the thermal energy scale then

there is a possibility that the particle spontaneously hops between the various

available minima. We see this happen in a narrow parameter range. Figure 5.6

(a) shows the time series of position in the configuration Dλ = 4µm and p = 0.55.

The corresponding potential energy landscape calculated as the logarithm of oc-

cupation probability is shown in Figure 5.6 (b). Here, the black color represents

positions that the particle never visits during the course of experiment. In this

parameter regime one observes five distinct minima, a number greater than what

the simulations yield

Figure 5.6: (a) shows the time series of position in the configuration Dλ =
4µm and p = 0.55. The particle thermally explores the potential landscape to
reveal multiple minima. (b) is the reconstructed potential using the time series
in a) calculated as the logarithm of the probability of occupancy. The color-bar
shows the depth of the potential in units of kBT and black represents the region
that the particle never occupies during the experimental time scale. The arrows
running between (a) and (b) illustrates the various minima

However over a wide range of parameters the thermal energy is not sufficient

to overcome the barrier on its own and hence we aid the process by putting an
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Figure 5.7: (a) Time series of the position in presence of an oscillatory per-
turbation at 1 Hz in the configuration Dλ = 4µm and p = 0.50. (b) The spatial
distribution of the residence time obtained from the data shown in (a) normal-
ized with the total time of measurement. The bottom panel shows similarly
obtained distributions of the residence time, for p = 0.43, 0.46, 0.50, 0.53, 0.59
respectively. The dumbbell shaped distribution in any one potential minimum
is a consequence of the fact that in a sinusoidal oscillation a particle spends
more time towards the extreme than in the center.

external oscillatory perturbation of frequency 1Hz and amplitude 2µm along the

direction joining the two trap centers. The time trace of position of such a system

in the configuration Dλ = 4µm (D = 3.76) and p = 0.50 is shown in Figure

5.7 (a). This belongs to the region marked “H” in Figure 5.1 and one expects

to observe three minima. In Figure 5.7 (a) we observe that the particle is in the

central minimum most of the time but occasionally toggles between the upper and

the lower well in an approximately stochastic manner implying the importance of

thermal fluctuations. Figure 5.7 (b) shows the residence time distribution obtained

from 5.7 (a) and normalized with respect to the total time of measurement. The
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distribution is clustered at three positions implying three minima in the potential.

The bottom panel of Figure 5.7 shows the evolution of similarly obtained residence

time distribution as p is changed through the values 0.43, 0.46, 0.50, 0.53 and 0.59

respectively. The dumbbell shaped distribution obtained in any one potential

minimum is a consequence of the fact that in a sinusoidal oscillation a particle

spends more time towards the extreme than in the center.

5.4 Conclusion

In conclusion, we have shown that the behavior of a single particle trapped in

a potential well formed by combining two spatially separated optical traps as a

function of their relative intensity and separation resembles a butterfly catastrophe

formalism[144] and is also similar to the physical phenomenon of a phase transition

as described in the Landau-Devonshire theory [147, 148]. The measured equilib-

rium position of the particle as a function of the control parameters has been used

to calculate the force-displacement curve over a large spatial extent, not easily

accessible in single trap experiments. It provides a much needed benchmark with

which the calculated potential in complex optical trapping scenarios [138] can be

compared. Furthermore, the technique of combining two optical traps reported

in this paper can be used to create various shapes of the trapping potential and

provides a method to translate the trapped particle with sub-pixel resolution of

the SLM. These results are clearly useful in simultaneously manipulating a multi-

particle system with high precision.





Outlook

One of the most remarkable aspects of nature is the spontaneous appearance

of ordered structures for example life forms. In physics this is understood in

terms of driven nonlinear far from equilibrium systems. Many simple table top

experiments have been demonstrated which fall in this regime and show similar

behaviour and can be studied to gain insight into the more general phenomenon.

However, often in nature these structures evolve spontaneously. From a physics

perspective this is an interesting and complex phenomenon which gives rise to

questions like what is the general physical principle determining the direction of

evolution? Is the system evolving towards a particular steady state? If yes, what is

the nature of this steady state? The system described in the first half of the thesis,

viz., orbitaly driven granular matter is simple enough so that it is amenable to

extensive experimental investigation and at the same time rich enough to capture

some of the complexity of evolution present in other naturally occurring examples.

In our system triboelectric charging provides a feedback coupling strong enough

to take the system across instabilities into various organised phases. Moreover we

have demonstrated the possibility to completely modify the pathway of evolution

by changing the nature of triboelectricity. I feel that the present study opens an

extremely fascinating possibility to experimentally explore in a relatively simple

situation the physical principles underlying the phenomenon of evolution observed

in much more complex systems such as living systems, ecology, etc .
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Appendix A

Protocol for cleaning

In this Appendix we describe the protocols used for cleaning the particles and

the cylinders (vials) used in the experiments described in Chapter3. To clean

the soda-lime glass particles obtained from a local vendor, we heated them at

200◦C for about an hour and then let them cool down to room temperature before

starting the experiment. A soda-lime glass slide when treated in the same way

shows that the contact angle made by a drop of water on it decreases significantly

from 65◦ (Figure A.1 A left panel) to 14◦ (Figure A.1 A middle panel). When

the contact angle measurement is repeated on the same slide after two days no

significant deviation from 14◦ is observed (Figure A.1 A right panel). Thermo-

gravimetric analysis (TGA) on the uncleaned glass particles shows a sharp dip

in mass by 0.01% at T = 169◦C (Figure A.1 B (gray curve)). On repeating the

TGA measurement on the same particles, the feature is not observed (Figure A.1

B blue curve). This implies that the volatile impurities have been removed from

the surface by heating.

The polystyrene vials used in the experiment were obtained from Griener Bio One

(Cat.-No.: 188171) and the polypropylene vials from Tarsons (Cat No- 523070, Lot

No – B280312). The vials have been cleaned using dilute HCl solution. The vials

are kept dipped in an aqueous solution of HCl (100 mM) for 10 hours, subsequent

to which they are extensively rinsed using deionized water. The vials are then left

in the oven at 60◦ for about 12 hours to dry. We observe that the given protocol of

cleaning makes the surface of the vial smooth (Figure A.1 C). Experiments have

also been performed by increasing the time for which the vials are exposed to the

acid by about 5 times.
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Figure A.1: Effect of cleaning glass particles and plastic vials. (A) The con-
tact angle made by a drop of water on a glass slide (a) before and (b) after
cleaning (see text for protocol) reduces from 65◦ to 14◦. (c) Repeating the
measurement on the same slide after 48 hours shows no significant change. (B)
TGA measurement on uncleaned glass particles (gray line) shows an abrupt
drop in mass by 0.01% at about 169◦C. Subsequent repeat run on the same
sample (blue line) does not register the drop. (C) Scanning electron microscopy
images of the surface of polypropylene vial (a) before and (b) after acid wash,
showing that acid washing makes the surface smooth.

We observe that uncleaned glass particles in uncleaned Polypropylene vial do not

show transition into regime II even after∼ 20hr (Figure A.2A). On the other hand,

for glass particles cleaned by heating as described above and for a vial that has

been cleaned by a prolonged exposure (about 50 hr) to acid solution the transition
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to regime II happens in a more abrupt manner (compare Figure A.2B with Figure

3.5B). The effect of various cleaning protocols and the environmental conditions

are summarissed in table A.1.

Figure A.2: The variation of 〈n(h)〉 as a function of tw shows that the tran-
sition to regime II depends surface conditions. (A) Uncleaned glass particles in
uncleaned Polypropylene vial do not show transition into regime II even after
∼ 20hr. (B) For glass particles cleaned by heating as described in the text and
for a vial that has been cleaned by a prolonged exposure (about 50 hr) to acid
solution the transition to regime II happens in a more abrupt manner (compare
with Figure 3.5B).
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Humidity
Cleaning of glass
particles

Cleaning of
Polypropylene vial

Formation
of regime I

Trasition to
regime II

> 90% No No Yes No
∼ 55% No No Yes No

∼ 55%
Heated at 200◦C
for 1 hr

No Yes No (see A.2A)

∼ 55%
Heated at 200◦C
for 1hr

Acid washed Yes Yes

> 90%
Heated at 200◦C
for 1hr

Acid washed Yes No

∼ 55%
Heated at 200◦C
for 1 hr

Acid washed for ex-
tended time

Yes

Yes. The
transition
is very
abrupt. (see
Fig.A.2B)

Table A.1: Effect of cleaning and environmental conditions



Appendix B

Control experiment using a liquid

For the experiments reported in Chapter 3, we have performed control experiment

replacing the granular material with a liquid in a PP vial. The liquid used is

silicone oil of viscosity 10cSt. The system is orbitally driven at f = 14Hz. In this

system we do not observe any significant change in the structure even at a scale

of ∼ 105s. FigureB.1 shows strobed dynamic image taken after various periods of

driving, tw, marked in the respective images.

Figure B.1: The result of a “control” experiment performed on Silicone oil
(viscosity 10cSt) in a Polypropylene vial at f = 14Hz. The sequence of dy-
namic images taken at times (tw) are marked. Note that all the images appear
identical, i.e., the system shows no signs of evolving with time..
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