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Chapter 1 

General Introduction 

1.1 Overview 

Self-propelled particles are referred to as the autonomous agents, which can convert energy 

from the environment into directed or persistent motion. They can move along as well in large 

groups giving rise to some fascinating group behavior. The collective motion is an entrancing 

display of the coordinated behavior of the self-propelled particles, which is often associated 

with formation of fascinating large-scale patterns1-3. Examples of this complex self-

organization process is common in nature, exhibited by a wide range of self-propelled objects 

ranging from human crowds, animals, birds, cells, bacteria, to subcellular cytoskeletal 

filaments4-10. The detailed study on collective motion may provide us insights into the emergent 

structures, and function, which consequently will allow us obtaining information about how to 

assemble a large number of collectively moving self-propelled objects to more ordered 

structure with a view to application in technology and molecular robotics. 

The composition of a system where particles or agents are collectively moving is generically 

simple-composed of a sufficiently dense ensemble of moving objects. However, the dynamical 

properties of such autonomous moving objects are quite complex. Numerous approaches have 

been put forward by the researchers to explore the underlying principal of collective motion. 

These approaches were set up mostly by considering the agent-based simulation11-22. However, 

these theoretical results are lacking proper experimental verifications. Some macroscopic and 

microscopic systems including micro-organisms, bacterial colonies, artificial machines, self-

propelled colloids etc., have offered some experimental systems to study collective motion but 

they had their own limitations e.g; expensive, difficult to control, space restirction etc.23-31. 

Recently, the biomolecular motor systems have emerged as an ideal candidate for 

experimentally demonstrating the collective motion through in vitro gliding assay. This is a 

simple system where the cytoskeletal filamentous proteins (actin; microtubules) are propelled 

by associated motor-proteins (myosin; dynein/kinesin) on a substrate and is advantageous over 

other self-propelled system in terms of simplicity, universality, controlled environment, and 

adjustable parameters. 
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In this study, I will present detailed investigations on the collective motion of self-propelled 

particles by in vitro gliding assay of microtubules propelled by kinesins. I have demonstrated 

the first-ever collective motion of kinesin driven microtubules via regulating mutual 

interactions among the gliding microtubules, by employing depletion force among them. How 

different parameters, like depletion force and microtubules concentration influence the kinetics 

of collective motion will be discussed here. I will also describe how the mechanical property 

of microtubule govern the pattern formation in collective motion. The response of collectively 

moving microtubules to external stimuli such as mechanical stress will be discussed here. 

1.2 Theoretical and experimental approaches to study the collective 

motion of self-propelled particles 

The eye-catching displays of collectively moving objects has fascinated most of us and drawn 

attention to explore the underlying mechanism of emerging group behavior of self-propelled 

objects. 

 

Figure 1.1: A gallery of images related to collective behavior32: (a) herd of sheep, (b) vortex 

by schools of fish, (c) swarming of ants, (d) assembly of bacteria, (e) cell migration, and (f) 

collective motion of cytoskeletal filaments in vivo. 

The collective motion can be regarded as an emerging field on the borderline of several 

scientific disciplines. Thus, it is a multidisciplinary area with many applications, involving 
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statistical physics, technology, and branches of life sciences. A quantitative frame for 

describing the collective behavior of self-propelled particles enables important, highly 

desirable features of treating actual situations. For example, prediction of the global 

displacement of huge schools of fish may have direct economic advantages. Understanding the 

collective reaction of people to situations including panic may lead to saving lives. Using 

computer models to simulate migration of birds or mammals can assist in preserving 

biodiversity. In the field of technology, an excellent application of collective motion is in 

construction of programmable robots e.g; kilobots33-35. 

There are a huge number of examples of self-propelled objects both from the living (for 

instance; flock of birds, schools of fish, bacterial colony etc.) [Figure 1.1]32 and the non-living 

(e.g.; Janus particles, self-propelled colloids) worlds are known to exhibit collective motion. 

At first glance, these examples may look very diverse but a closer observation suggested all 

these systems share some common features. Such aforementioned non-equilibrium systems are 

consisted of many similar units. The interactions between the units can be simple 

(attraction/repulsion) or more complex (combinations of simple interactions) and can occur 

between neighbors in space or in an underlying network. These all suggest a universal 

organizing principle underlying the pattern formation in collective motion. Over the course of 

the last twenty-five years, several self-propelled particle models have been introduced to 

describe the collective motion. The first theoretical model to describe collective motion was 

introduced by Vicsek et al. in 199516. In this in silico analysis, he suggested the density of 

moving agents and noise in movement of those agents are important parameters that govern 

the phase transition from disorder to ordered state in their collective motion16. The simplest 

version of Vicsek model was presented by Czirok et. al (1999) that have been used to model 

the collective motion in animals17. In 2002, Couzin et al. introduced the concept of multi-

interactions between agents that was absent in Vicsek model18. Recently Konagaya group has 

developed a real-time 3D simulation method using graphics processor unit programming to 

study the dynamics of self-propelled objects19-22. However, all these models characteristically 

have a broad, partially empirically chosen parameter space and present generation of different 

mode of patterns, unfortunately most of which are not experimentally verified so far36-50. In 

order to explore the details of collective motion some large-scale data collection is now 

technologically possible by studying collective movements of animals in nature but they arise 

from observations rather than controlled experiments51. Therefore, it is indeed justified to 
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elucidate that the theory currently is ahead of the experiments to describe collective motion52-

53.  

To overcome these limitations, well-controlled and quantifiable experimental systems is an 

urgent requirement. Multicellular biological systems such as, bacteria colonies or tissues 

allowed more control system but may have many hidden variables and interactions hindering 

proper examination of the theoretical models. Alongside, the ensembles of non-living motile 

particles such as shaken grains, and active colloids were also employed to study collective 

motion but still there are lack of sufficient controllable parameters. Recently, the bimolecular 

motor systems have attained considerable attention to study the behavior of self-propelled 

systems in vitro. The molecular nature of this system provides truly large system size in a well-

controlled environment with system parameters that can be adjusted to a high precision. 

1.3 Biomolecular motor system 

Biomolecular motors are referred to as the smallest molecular machines that can convert 

chemical energy of adenosine tri-phosphate (ATP) into mechanical work54-55. Bimolecular 

motor systems consisted of cytoskeletal filaments and associated biomolecular motors. The 

availability and functionality of such autonomous actuators are experienced widely in 

cytoskeleton of the living cell.  

1.3.1 Cytoskeleton: an ensemble of filamentous proteins 

Cytoskeleton is the mechanical scaffold of the cells that maintain mechanical stiffness of the 

cells and assist numerous cellular function including cellular transport, cytokinesis, signaling, 

migration etc. In all eukaryotic cells, the cytoskeletal network consists of three different protein 

filaments namely intermediate filaments, actin, and microtubules associated with different 

regulatory proteins and cross-linkers56. Each type of filaments are assembled from different 

protein subunits and take parts in cellular activities. The intermediate filaments provide the 

cells mechanical strength57-58. The actin filaments determine the shape of the cells and whole-

cell locomotion57, 59. 
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Figure 1.6: Controlling the direction of microtubule movements by electrical steering (A), 

alignment of magnetic nanoparticle functionalized microtubules (B) and response of 

microtubule to external mechanical stress (C). 

Thus, the in vitro motility assay that has been developed to demonstrate gliding motion of 

filamentous proteins actin or microtubule on the surface coated with biomolecular motor such 

as myosin or kinesin and dynein respectively might be a suitable method to study the behavior 

of self-propelled objects and opened the door to develop artificial micro-devises.  
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biomolecular motor in vitro, raised a question about the universality of the biomolecular motor 

systems for demonstrating the collective motion. 

1.6 Purpose of this dissertation 

In this dissertation,  the in vitro study on the emergence of collective motion of microtubules 

driven by kinesin and effects of physical properties of microtubules on the collective motion 

have been summarized in 5 chapters including general introduction and concluding remarks. 

In chapter 1, the purpose of this dissertation and background of this research have been 

described. 

In chapter 2, I have demonstrated the collective motion of microtubules on kinesin-coated 

substrate through employing depletion force in the gliding assay. The role of concentration of 

microtubules and extent of depletion force in the kinetics of collective motion of microtubules 

has been also studied and described here. 

In chapter 3, I have explored how the mechanical properties of microtubules can govern the 

pattern formation in collective motion. I found that the rigidity of microtubules can regulate 

the mode of collective motion of microtubules and reported that structurally flexible 

microtubules generate local streams and rigid microtubules form large spiral pattern in 

collective motion.  

In chapter 4, I have investigated the response of collectively moving microtubule to external 

stimuli such as mechanical stress. First, development of an indentation chamber for applying 

external stimuli to substrate of motility assay was established. The effect of indentation stress 

on the collective behavior of microtubules was studied and discussed here. 

In chapter 5, all the important outcomes and future prospects of this research work have been 

discussed. 
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Chapter 2 

Emergence of collective motion of microtubules driven by 

kinesins: role of depletion force and microtubule 

concentrations  

Abstract 

Collective motion is a fascinating exhibition of coordinated behavior of self-propelled objects, 

which is often associated with the formation of large-scale patterns. Nowadays, in vitro gliding 

assay is being considered a model system to experimentally investigate various aspects of 

group behavior and pattern formation by self-propelled objects. In the in vitro gliding assay, 

cytoskeletal filaments F-actin or microtubules are driven by surface immobilized associated 

biomolecular motors myosin or dynein respectively. Although F-actin/myosin or 

microtubule/dynein system was found promising in understanding the collective motion and 

pattern formation by self-propelled objects, the most widely used biomolecular motor system 

microtubule/kinesin could not be successfully employed so far in this regard. Failure in 

exhibiting collective motion by kinesin driven microtubules is attributed to the intrinsic 

property of kinesin, which was speculated to affect the behavior of individual gliding 

microtubules and mutual interaction among them. In this work, for the first time, I have 

demonstrated the collective motion of kinesin driven microtubules by regulating mutual 

interaction among the gliding microtubules, by employing depletion force among them. Proper 

regulation of the mutual interaction among the gliding microtubules through employment of 

the depletion force was found to allow the exhibition of collective motion and stream pattern 

formation by microtubules. I also investigated the role of concentration of microtubules and 

depletion force in the emergence of collective motion of microtubules. Critical concentrations 

are found for both the microtubules and depletant for demonstrating the collective motion of 

microtubules. More importantly, kinetics of the collective motion is found significantly 

dependent on both of the concentration of microtubules and depletant. Substantial variations in 

time course of emergence of the collective motion of microtubules were observed in response 

to the changes in concentration of the microtubules and depletant.  
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2.1 Introduction 

Collective motion is an entrancing display of coordinated behavior of moving or self-propelled 

objects1-3. A wide range of self-propelled objects such as animals, birds, cells, bacteria, etc. 

exhibit collective motion in nature, most often which is associated with formation of 

fascinating large scale patterns4-10. In silico works significantly contributed to much of our 

understandings of the coordinated behavior and pattern formation by the self-propelled 

objects11-18. A suitable experimental system has long been awaited for demonstrating the 

collective motion in vitro in order to verify the mechanisms of collective motion and pattern 

formation. In recent years, biomolecular motor systems F-actin/myosin and 

microtubule/dynein have emerged as ideal candidates for experimentally demonstrating the 

collective motion through in vitro gliding assay19-20. These experimental evidences have 

emphasized the importance of local interaction between gliding cytoskeletal filaments in the 

collective motion and pattern formation. Thus, the in vitro gliding assay offers simple technique 

to investigate experimentally roles of parameters that govern collective motion and pattern 

formation. However, the investigation using biomolecular motor system was not always 

successful due to failure of biomolecular motor systems in exhibiting collective motion. For 

instance, it was reported that microtubule/kinesin, the most widely used biomolecular motor 

system 20, failed to exhibit collective motion and consequently formed no pattern which has 

been attributed to the intrinsic property of kinesin that is speculated to affect the behavior of 

individual microtubules and local interaction among them19. Although formation of an active 

gel of microtubules cross-linked via kinesin clusters has been reported21, it was not sufficient 

to understand the coordinated behavior of kinesin driven microtubules, demonstrated for other 

biomolecular motors systems using the in vitro gliding assay.  

In this work, the first ever collective motion of microtubules on kinesin based motility assay 

has demonstrated. It is found that regulation of local interaction among gliding microtubules 

allows them exhibiting collective motion even on a kinesin coated surface. The interaction of 

gliding microtubules has been regulated by employing depletion force among them. In a 

suspension of large and small colloidal particles, the pressure of the latter produces an attractive 

force between the former. This is referred to as the depletion force. For instance, the colloidal 

particles or macromolecules suspended in polymer solution such as methyl cellulose or 

poly(ethylene glycol)22-29
 experience depletion force. Methyl cellulose induced depletion force 

is found to increase the probability of attractive collision between gliding microtubules, which 
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microtubules and methyl cellulose, a minimum time is required to cause the phase transition of 

the gliding microtubules from the isotropic to the nematic state. 

2.2.6 Effect of depletion force and microtubule concentrations on the phase 

transition kinetics in collective motion of microtubules  

The experimental results discussed earlier directly show the dependence of phase transition in 

collective motion of microtubules to the concentration of methyl cellulose and microtubules. 

Based on the investigations, I summarized my findings which are shown in Figure 2.10A and 

2.10B. From the summarized results, it is evident that concentrations of both of the 

microtubules, and methyl cellulose have profound influence on the kinetics of the collective 

motion of microtubules on kinesins. For each of the two parameters a minimum or threshold 

value is found at or below which no phase transition of microtubules from an isotropic to a 

nematic state could be observed. Moreover, both the parameters are also found to be dependent 

on each other. The minimum concentration of methyl cellulose, which is required to induce 

collective motion of microtubules, decreased to lower values when the concentration of 

microtubules was much higher. On the other hand, a minimum concentration of microtubules 

is found at or below which no collective motion could be observed even if the concentration of 

methyl cellulose is very high. This minimum concentration of microtubules also depends on 

the concentration of methyl cellulose employed in the gliding assay. The effect of concentration 

of microtubules and methyl cellulose on the kinetics of phase transition of the microtubules is 

clearly evident from the heat maps of microtubule orientation at different observation time 

[Figure 2.10B]. Initially, just after ATP addition (0 min), no ordered orientation of 

microtubules was observed for any of the concentrations of microtubules or methyl cellulose. 

For this observation time, the heat map entirely represents random orientation of the 

microtubules. Although a little ordered orientation could be detected, this might has been due 

to transient ordering of the colliding microtubules. At 15 min, the nematic phase could be 

detected only for relatively higher concentrations of microtubules and methyl cellulose. In 

contrast, for the relatively lower concentrations of microtubules and methyl cellulose the 

emergence of collective motion was much slower (e.g., 30 or 45 min). From this stage (~45 

min) a clear separation of the random isotropic and ordered nematic phase could be easily 

observed from the heat maps, with no further change in microtubule orientation with time.  
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2.2.8 Investigation of the structure of the microtubule assemblies in collective 

motion 

Besides the kinetic study, I also investigated the structure of the microtubule assemblies in the 

nematic phase (microtubules in the collective motion) using a confocal laser scanning 

microscope. The outcome, shown in Figure 2.16, reveals that the nematic phase of microtubules 

is a two dimensional structure comprised of overlapping bundles of microtubules. However, 

changes in the structural organization of microtubule assemblies in the nematic phase in 

response to the changes in concentration of the microtubules and methyl cellulose is unclear at 

this moment, understanding of which requires detail investigation in future. 

 

 

Figure 2.16: Two-dimensional structure of the microtubule assemblies in the nematic phase. 

The images were captured using a confocal laser scanning microscope. The values at the right 

to the images indicate the height, i.e. focus position along Z-axis. 
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Chapter 3 

Rigidity of active cytoskeletal filaments governs the mode 

of their collective motion 

Abstract 

I have regulated the mode of collective motion of gliding microtubules by changing their 

rigidity. Relatively rigid microtubules generate a large-scale spiral pattern and enhance local 

polarization in their movement, whereas local streams are formed due to the collective motion 

of flexible microtubules. Rigidity of microtubules is found directly correlated to the extent of 

noise in their movement, which in turn affects the mode of their collective motion. This work 

has experimentally supported the theoretical models of collective motion by showing how the 

self-organization of self-propelled particles is governed by the mechanical property of 

individuals.  
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3.1 Introduction 

Collective motion is a fascinating example of coordinated behavior of self-propelled objects in 

nature such as animals, flocks of birds, cells and bacteria, which is associated with formation 

of large scale patterns1-10. The detailed study on collective motion may provide us insight into 

the emergent structures, and functions, which consequently will allow us obtaining information 

about how to assemble a large number of collectively moving self-propelled objects to more 

ordered structures with a view to application in nanotechnology. The in silico works have 

provided mechanistic details on generation of different mode of collective motion11-17. For 

instance, Vicsek model has suggested that the density of moving agents and noise in their 

movement are important parameters that can regulate the mode of collective motion11. Later 

on, Nagai group has reported that the mode of collective motion12 also depends on the 

persistence in the movement of the self-propelled particles. However, these theoretical models 

are still lacking proper experimental verification. In recent years biomolecular motor systems 

F-actin/myosin and microtubule/dynein or microtubules/kinesin have emerged as ideal 

candidates for experimentally demonstrating the collective motion and different type of pattern 

formation through in vitro gliding assay18-22. 

In the chapter 2, I have demonstrated collective motion of microtubules driven by kinesin and 

investigated the roles of some physiochemical properties (i.e. concentrations of microtubule 

and depletion force) on the kinetics of collective motion. In this chapter I will describe, how 

the mechanical property i.e. rigidity of microtubules influences their collective motion. I 

investigated the collective motion of microtubules by varying their rigidity and found that, the 

flexible microtubules generate local streams and rigid microtubules generate large spiral 

pattern through collective motion. My analysis of single microtubule motility suggested that 

the change in rigidity of microtubules has a profound influence on their persistence length and 

noise of movement. These experimental findings support the theoretical predictions and offer 

a simple approach to control the mode of collective motion of self-propelled particles only by 

changing their physical property. 
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lower density, the order parameter was close to zero and remained steady all over the 

observation period. When the density was increased the order parameter for orientation of 

microtubules increased. Therefore, the upsurge of order parameter towards ~1 reveals that at 

high density with time the collective motion of microtubules took place which caused a phase 

transition from isotropic to nematic state [Figure: 3.5b]. The phase transition kinetics can be 

more clearly understood from the heat maps showing the distribution of orientation of 

microtubules at different time with respect to surface density [Figure 3.5c]. Initially, just after 

ATP addition (0 min), no ordered orientation of microtubules was observed for any of the 

concentrations of microtubules of all lengths. For this observation time, the heat map entirely 

represents random orientation of the microtubules [blue region]. At high concentration (~ 

25×104 filaments per mm2) at about 25 min after addition of ATP, nematic phase can be 

detected [red region] for short length microtubules [Figure 3.5c i.]. In contrast, for middle 

length microtubules the phase transition kinetics in collective motion was little sluggish (e.g., 

30 min) [Figure 3.5 (c) ii.]. A clear separation of the random isotropic and ordered nematic 

phase could be easily observed from the heat maps, for long length GTP-microtubules. After 

~15 min of ATP addition, orientation order of microtubules reached to plateau. Thus, the phase 

transition is faster in collective motion of long length GTP-microtubules. Based on the above 

discussion, the role of microtubules length in their collective motion can be clearly visualized. 

The length of GTP-microtubules may not affect the spatial pattern formation but significantly 

change their phase transition kinetics. 
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of large structures like, vortex pattern12. However, these postulates are lacking proper 

experimental verification. 

My experimental results directly support these postulates. I have found differences in 

persistence length and snuggling length in two different modes of collective motion i.e; in spiral 

and stream. In addition, the amount of noise is also different in the two patterns. In more 

ordered polar spiral pattern, the extent of noise is less than in the stream patterns. In a generic 

sense, the mechanical property of microtubules can govern the mode of collective motion, 

which supports the theoretical approaches taken to describe the role of moving objects in the 

mode of their collective motion. This work approaches to the concept of programing the self-

organization of cytoskeletal filaments by simply changing their mechanical property. This may 

not only provide us with a method to program the active-self organization of self-propelled 

particles but also will be helpful to understand the dynamics of active matters in nature. 
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3.3 Conclusions 

In conclusion, I have demonstrated collective motion of microtubules, which leads to the 

emergence of streams and large spiral patterns in collective motion of microtubules driven by 

kinesin. The microtubules in stream pattern are in nematic orientation, whereas polarized 

orientation of microtubules is found in spiral pattern. Microtubules with different structural 

rigidity show differences in their motile behavior, more specifically, in their persistence length, 

snuggling length, and amount of noise in collective motion. According to the theoretical 

predications, these parameters are very important to control the mode of collective motion of 

moving objects. This work thus provides an experimental verification of the existing theoretical 

models and offer a new approach to control the mode of collective motion of self-propelled 

systems by changing the rigidity of individuals.  
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Chapter 4 

Effect of external mechanical stimuli on collective motion 

of microtubules 

Abstract  

The collective motion of self-propelled objects, e.g.; animals, microorganisms, cytoskeleton is 

a ubiquitous and fascinating self-organization phenomenon. Nowadays, in vitro motility assay 

is being considered as model system to experimentally investigate various aspects of group 

behavior and pattern formation by self-propelled objects. In an in vitro motility assay, 

cytoskeletal filaments (F-actin and microtubule) are propelled by biomolecular motors (myosin 

and kinesin or dynein). When a high density of cytoskeletal filaments is maintained, they are 

capable to align spontaneously and self-organize into large scale patterns through collective 

motion. In this chapter, I have investigated the effect of external mechanical stimuli, applied 

as indentation stress, on collective motion of microtubules. I have found that, in response to 

indentation stress collectively moving microtubules generate an ultra large (diameter ~5 mm) 

vortex pattern. Spatial orientation of microtubules in the vortex pattern depends on the extent 

of indentation stress, which is also correlated to indentation length, indenter size, and shape. 

This work provides an approach to ensemble group of nanoscale self-propelled particles to a 

microscale pattern, which offers a new approach to control the group behavior of self-propelled 

particles and expand their applications in the field of nanotechnology. 
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controlled by using a stepping motor connected to a computer. The indenter that indents the 

motility assay substrate was placed below PDMS at center of the chamber. 

Specification of the indentation chamber  

The indentation stress was applied to the PDMS using the indenter. I have used indenters of 

two different shapes: speheroconical and flat triangular tip filament. I have also used 

sperohocincal indenters of different diameters, i.e., 0.5, 2.0, and 4.0 mm. The indentation length 

and indentation speeds were controlled using the stepping motor. The stepping motor allowed 

maximum 13 mm depth indentation. 

 

Figure 4.2: Images of the indenters used to apply indentation stress. 
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Application of indentation stress

Figure 4.3: Illustration of preparation of motility assay on PDMS substrate. 

Before applying indentation stress, a motility assay of high-density microtubules was prepared 

on the PDMS. The dimension of the PDMS was 5 × 15 × 0.05 mm3 (length × width × height) 

and the assay was prepared according to scheme 4.3. [Detail is annexed in experimental 

section] 

 

Figure 4.4: Image (A) and schematic diagram (B) of application of indentation stress on the 

PDMS substrate. 
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understood. The analysis revealed that, at the center part, [region 1 and 2] the value of order 

parameter was less compared to the regions towards periphery. On contrary, from center to 

periphery the degree of orientation of microtubules increased with time. Near the periphery, 

the order parameter was higher and at 120 minute reached the steady sate. The comparative 

value of order parameter at region 5 and 6 attributed to the similar order of orientation of 

microtubules at periphery. From the Figure 4.7, it can be observed that the ROI 1, 2 and 3 were 

selected from the center part, where motile microtubules generate stream pattern. The higher 

values of order parameter at periphery (ROI 5, 6) indicate that the orientation of microtubules 

at the vortex array was more nematic than in the stream pattern (ROI 1, 2, 3). 

 

 

 

 

 

 

 

 

 

Figure 4.8: Change of nematic order parameter of microtubules with time. Here 1, 2, 3, 4, 5, 

6, 7 indicates the corresponding ROI shown in Figure 4.7. 

The above experimental results reveal that the application of indentation stress on microtubules 

generate two different modes of collective motion. At the center, the collectively moving 

microtubules generate stream pattern, while for the rest of the part, collectively moving 

microtubules oriented to vortex pattern in response to the stress. A model was speculated to 

explain such orientation of microtubules due to application of indentation by considering the 

stretching of PDMS substrate. The model is illustrated in Figure 4.9A and the fluorescence 

image of orientation of microtubules are presented in Figure 4.9B.  
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Figure 4.13: Change of nematic order parameter of microtubules with time at different 

indentation length (2 to 10 mm), where (A) is for vortex part (ROI: 2) and (B) is for center part 

(ROI: 1). 

The change of degree of orientation of microtubules can be understood from Figure 4.13 where 

(A) and (B) represents change of Sat vortex and center part respectively. Both in vortex and 

center region the highest value of order parameter was obtained for 5 mm indentation. 

Therefore, this is the best condition to obtain an ultra large vortex pattern. At 10 mm 

indentation, order parameter value decreased at center. The possible reason for this could be 

the detachment of microtubules at center in this case. The relation between orientations of 

microtubules to applied indentation can be better understood from Figure 4.14 where change 

of order parameter with indentation length is presented. 

 

 

 

 

 

Figure 4.14: Change of order parameter of microtubules at (A) vortex and (B) center region 

with time. 
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Figure 4.17: A profile of change of order parameter at (A) center, (B) middle, and (C) 

periphery of the vortex pattern with change in indenter diameter. 

At the equidistant positions from center (Figure 4.17B), nematic order parameter for orientation 

of microtubules were almost same for all indenters. The orientation of microtubules was almost 

similar at the middle part of the vortex pattern. Although, at the periphery, well-ordered 

arrangement of microtubules in vortex array can be noticed for large tip (Figure 4.17C). Change 

of alignment of microtubules with time for different tip diameters can be more clearly 

understood from the correlation of nematic order parameters with time for different indenter as 

shown in Figure 4.18. The order parameter was determined from the fluorescence images of 

microtubules after indentation. With time the magnitude of order parameter increased, which 
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indicates the ordered arrangement of microtubules in vortex. The time-lapse fluorescence 

images shown in Figures 4.7 and 4.16 also support this finding. 

 

 

 

 

 

 

 

Figure 4.18: Change of nematic order parameter of microtubules with time for different 

indentation diameter. The values (0.5, 2.0 and 4.0 mm) written in right corner indicate the tip 

diameter of indenter. 

The collectively moving microtubules can sense applied stress field and according to that can 

change their moving direction. It can be assumed that change in geometry of indenter tip might 

have tuned the degree of induced stress field, which ultimately controlled the directionality of 

collectively moving microtubule. As a result, vortex pattern having different alignment of 

microtubules correlating to time was observed. 

Next, I performed experiments by using an indenter of a different shape (filament indenter 

having a triangular flat tip) to elucidate the role of indenter shape on the organization of 

microtubules upon application of indentation stress. 
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