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ABSTRACT 

 This work explores bacterial motility from the mechanisms of propulsion of an 

individual cell to the complex behavior of collective motility.   The shear modulus of bac-

terial flagella was measured by stretching isolated flagella with an optical trap and by 

measuring force extension curves of the stretched flagella shedding light onto the me-

chanics involved in the motility of single micro-organisms.  Experiments in concentrated 

suspensions of bacteria show collective behavior with large scale mixing on a time and 

length scale greater than can be understood from the standard model of “run and tumble” 

motility of a single organism are reported.  To further understand the transition from indi-

vidual to collective motility a novel form of motility where an individual bacterium can 

reverse direction without changing cell orientation is reported here.  These experiments 

further the understanding of bacterial motility. 
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1 MOTILITY AT LOW REYNOLDS NUMBER  

1.1.  HISTORICAL OVERVIEW 

     One of the first recorded observations of bacteria took place over 300 hundred years 

ago in 1687.  These observations of the plaque from his own teeth were made by Antony 

van Leeuwenhoek with a handmade single lens microscope.   He noted, "I then most al-

ways saw, with great wonder, that in the said matter there were many very little living 

animalcules, very prettily a-moving.” [1].  Although he could not observe flagella or any 

apparatus for motility he speculated that they must have “paws” with which to swim.  

Based on proportionality to larger organisms he speculated on width of his animalcule’s 

paws as “…a million of their paws together make up but the thickness of a hair of my 

beard” [1],[2].  A bit too small but it shows his appreciation of the size scales involved.   

     Bacterial flagella were first observed in 1836 by Christian Ehrenberg in the bacteria 

Chromatium okenii [3].  C. okenii is 10μm long with ~40 polar flagella on one end.  It 

was not until 1909 that individual flagella were observed by Karl Reichert using dark-

field microscopy [4].  Prior to then individual flagella could only be seen in a static 

preparation but dark-field microscopy allowed visualization of flagella bundles in live 

swimming bacteria.   

     The foundation for chemotaxis was laid out by Theodor Engelmann in 1880’s.  Most 

notable was an experiment in 1881 where Engelmann introduced B. subtilis, an aerobic 

bacterium, with the algae Spirogyra that produces oxygen in the presence of light.  B. 

subtilis would concentrate around the chloroplast of the algae showing that the algae not 

only produced oxygen but also where that oxygen was being produced [5],[6],[7].  This 
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experiment along with others showed that bacteria don’t just move randomly but in re-

sponse to chemical stimuli.    

     The hydrodynamics of how the flagella operate was worked out in the 1950’s by G.I. 

Taylor [8].  He proposed that the bacterial flagella rotate, which was contrary to the belief 

at the time that they ungulate and bend as eukaryotic flagella.  The opposition to this idea 

was that rotating flagella would require a reversible rotary motor, and at the time, there 

was no known motor or analogy that existed in biology.  In 1974 Silverman and Simon 

observed that bacteria anchored to the surface by the “hook”, the protein filament that the 

flagellum attaches to, rotate both CW and CCW proving the existence of the rotary motor 

[9]. 

     In the late 70’s and early 80’s work was done showing that flagella had several stable 

pitch conformations of both left and right handedness.  Most notable was an experiment 

done by H. Hotani in 1982 [10].  Hotani fixed long detached flagellum that to a surface 

by the “hook”.  When fluid was moved past the flagellum torque would build because the 

flagella could not rotate.  Once this torque became high enough the flagella would transi-

tion into a different pitch conformation with an opposite handedness relieving the torque.  

Torque would then build up on the new conformation in the opposite direction until it 

would transition into to original conformation.  The flagellum would then oscillate be-

tween the two states.    

     In more recent times the use of rapid computer image processing as well as fluores-

cently labeled flagella have allowed for the visualization of individual flagella of swim-

ming bacteria at video frame rates [11],[12].  This has led to a better understanding of 
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tumbling mechanisms and the role of polymorphism of flagella in motility. 

     There is a good understanding of all the physical properties that go into cell motility.  

But exactly how and why do bacteria swim?              

 

1.2.   LOW REYNOLDS NUMBER REGIME  

     The world of the bacterium is the world of low Reynolds number, a world where our 

physical intuition fails because it is so unlike the world around us.  The Reynolds number 

is defined as  

η
ρ

η

ρ VL

L
V

V
==

2

Re                                          (1.1)  

where ρ is the density of the fluid, V is a characteristic velocity, L a characteristic length, 

and η is the dynamic viscosity.  The Reynolds number represents the ratio energy per unit 

volume to the viscous stress.  For a typical bacterium L ~ 10-4 cm, V ~ 10-3 cm/s, ρ and η 

for water are 1 g/cm3 and 10-2 g/(cm s) respectively.  This gives a Reynolds number of 10-

5 for a typical bacterium.   Momentum or kinetic energy, therefore play little or no role 

and viscous stress dominates in this regime.  The fluid flow is defined by Stokes flow.  As 

Berg eloquently showed, a bacterium swimming at 2x10-3cm/s comes to a stop in 4x10-

10cm after propulsion stops, less than the diameter of a hydrogen atom [13].  

     The Peclet number provides another way to look at the length scales that are relevant 

in bacterial motility.  The Peclet number, which is the ratio of transport by advection in 

the system to transport by diffusion of molecules, is given by: 
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D
VLPe =                                                         (1.2)  

Where D is the diffusivity of relevant molecules.  For a small molecule such as O2 D ~ 

10-5 cm2/s.   Using the same values for L and V from the Reynolds number example we 

find Pe ~ 10-2.  If we use the characteristic length of the flagella instead of the cell body, 

L ~ 10-3 cm, we find Pe ~ 10-1.  This means that diffusion dominates and there is no need 

to stir the fluid on this scale.  So why are bacteria so motile? 

     To make motility useful at low Reynolds numbers, the motion has to beat out diffu-

sion, that is Pe > 1.  Bacteria can’t very well change their speed but they can change the 

length that they travel.  The characteristic length that a bacteria has to travel to beat diffu-

sion is given by  

V
DL ≥                                                          (1.3) 

Using the average swimming speed of E. coli, V = 30 μm/s, and D from before we find 

the minimum length for E. coli to be diffusion is L = 30 μm, which is a typical run length.  

By beating diffusion E. coli can make a comparison between where it began a run and 

where it ends a run.  Berg showed that if conditions are getting better the length of the run 

would increase, if things are getting worse, the length stays around 30 μm/s [14].  In be-

tween runs bacteria execute a “tumble” where one or more of the flagella counter-rotate 

causing the bacterium to randomly orient.  In this way of randomly orienting itself and 

adjusting the length of runs based on the change in local conditions, the bacterium creates 

a biased random walk which can move up a gradient at ~10% of the maximum swimming 

speed [14] [15].       
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1.3. CURRENT WORK 

     Understanding the basics of how a single bacterium swims is only part of the story.  In 

highly concentrated populations, bacteria have complex interactions such as quorum 

sensing (communication via chemical signals) and collective pattern formation both of 

which are related to biofilm formation, a topic of growing interest.  At high concentra-

tions the flagella of bacterium do not just interact with the surrounding fluid but with 

other cells and the flows that they create.  At high concentrations the motion of the bacte-

ria appear “turbulent” with moving boundaries and apparent irreversibility. To gain a 

more complete understanding of individual and collective bacterial motility, and all of its 

consequences, studies of the hydrodynamics, bacterium-bacterium interaction, and the 

role of flagella in these situations are necessary.  These are the motivations for the ex-

periments discussed here.  
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2 PHYSICAL PROPERTIES OF THE BACTERIAL FLAGELLA 

2.1. INTRODUCTION 

     Bacterial flagella are helical filaments that are attached to rotary motors anchored in 

the cell body of motile bacteria.  Flagella are typically 10-20μm long and can range from 

15-20nm in diameter [16],[17],[18] depending on the bacteria in question.  Flagella are 

typically made up of 11 protofilaments of various types of the protein flagellin.  The fla-

gella of E. coli and Salmonella are known to have several stable helical morphologies and 

can be either right or left handed depending on the stresses on the flagella [19],[20],[10].  

By rotating the all the flagella the same direction Peritrichously flagellated bacteria form 

a coherent flagella bundle that interacts with the fluid providing propulsion.  In the case 

of spirochetes the flagella is wrapped around the cell body inside a membrane sheath.  

The rotation of the flagella changes the shape of the cell which in turn interacts with the 

surrounding fluid providing propulsion.     

     Knowing the physical properties of the flagella is necessary to understand the subtle-

ties of bacterial motility.   In the case of E. coli and similar bacteria, the swimming effi-

ciency, tumbling efficiency, and possibly small scale local stirring are all dependent on 

the nature of the flagella.  In the case of Spirochetes the very shape of the bacteria and 

their motility is a function of the nature of their flagella.  Lime Disease and Syphilis are 

both caused by spirochetes, so it is of great interest to understand the motility of these 

bacteria. 

     Theory on the shape of flagella as a function of stress as well as local hydrodynamic 

flows of a bacterium and its flagella are topics of current interest [21],[22],[30].  Know-
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ing the physical properties, such as the bulk modulus, of the flagella will provide a foun-

dation for this theoretical work.   This chapter presents a series of experiments for direct 

measurement of the shear modulus of filamentous structures such as bacterial flagella.  

These experiments have been carried out on E. coli and B. subtilis flagella bundles as 

well as the isolated periplasmic flagella (PF) of Borelia burgdoferi.  Experiments on 

Borelia burgdoferi are reported here.           

 

2.2. EXPERIMENTAL METHODOLOGY 

     To measure the shear modulus of the bacterial flagella a two beam optical trap with a 

quadrant photo diode (QPD) position detection system was employed (Appendix D).  

Experiments were carried out in flow cells constructed out of acid cleaned coverslips to 

minimize contamination and interference with flagella at the surface of the coverslip.   

     Polystyrene spheres 2μm in diameter were coated with poly-l-lysine (Appendix E) and 

placed in a 100mM NaCl solution.   The 2μm spheres were then flowed into the flowcell 

and let stand for ~10 minuets to allow them to settle and stick to the surface of the cover-

slip to provide reference points and spacers in the experiment.  The fluid was then ex-

changed with deionized distilled H20 (ddH2O) to remove excess, non-stuck, spheres from 

the chamber.  The experimental assay was then flowed into the chamber.  This assay con-

sisted a dilution of spirochete flagella and 1μm silica spheres coated with poly-l-lysine in 

a 0.6% methylcellulose in 100mM NaCl.  1μm silica sphere free in solution were trapped 

and brought to position 0.76μm off the surface of the coverslip.  10 sets of 500 images of 

the bead were then taken with a 1ms physical shutter for calibration of the trap (Pho-
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tometrics, Quantex 57).  This exposure time was necessary to match the characteristic 

time of a bead in the trap (Appendix D).  

     In the experimental assay there were two populations of bacterial flagella.  One con-

formation was found to have a pitch of ~1.4μm and a helical diameter of ~0.4μm, match-

ing the literature [23] while the other conformation had a pitch of ~2.0μm and a helical 

diameter of ~1.0μm.  All of the bundle stretching experiments were done with the 2.0μm 

pitch conformation.   

     For surface tether stretching the sample was searched for bead flagellum pairs with 

one end of the flagellum spontaneously adherent to the surface.  The tethered bead 

trapped with the optical trap and was brought to the same height that the bead calibration 

images were taken (fig. 2.1).   

 

Figure 2.1  Side view showing the set-up for the surface stretching experiment.  One end of a single flagel-
lum is attached to the surface while the other end is attached to a silica sphere held in an optical trap.  The 
motion of the stage stretches the flagella and displaces the bead from the trap.   
 

The piezo stage (MadCity Labs, Nano-H100) was driven with a triangle wave (Agilent 

33220A).  The y position of the stage was adjusted such that the stretching of the flagel-
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lum was purely in the x direction (x and y refer to the orientation as seen in the camera, 

the piezo stage motion is purely in the x direction.).  The amplitude, frequency, and offset 

position of the stage were adjusted so the stretching event occurred at an appropriate rate 

for tracking and to ensure that the bead passed through a point of no extension of the fla-

gella (nominally 50-100mV @ 250mHz).  The QPD voltage was checked manually to en-

sure that the flagellum had a point of no extension.  Once the stretching event was re-

corded (Quantix 57, 100-300 frames @ ~20fps), the y position was adjusted produce 

stretching at an angle.  This was done to provide data on the length of the flagella, which 

are not easily visually detected (Appendix G).      

 For flagella bundle stretching the sample was searched for long coherent bundles 

of flagella free in solution.  A free 1μm poly-l-lysine coated sphere was then captured in 

the optical trap and brought into contact with the flagella.  Once the bead was attached to 

the flagella it was centered over a 2μm sphere on coverslip surface and then the two 

beads were brought into contact and stuck together.  This arrangement provides a space of 

known distance off the surface for stretching.  A second free 1μm sphere was then cap-

tured and brought to 2.45μm of the surface where a series of calibration images were 

taken as described in the surface stretching experiment.  The second “test” bead was then 

brought into contact with the distal, free end of the flagella bundle.  Once the flagella and 

the “test” bead are attached the flagella bundle was stretched and recorded as in the sur-

face stretching case (fig. 2.2).   
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Figure 2.2  Side view showing the set-up of the bundle stretching experiment.  One end of a flagella bundle 
is attached to a 1μm sphere atop a 2μm sphere spacer which is attached to the surface.  The other end of the 
flagella is attached to a 1μm sphere held in an optical trap.  The motion of the stage stretches the flagella 
and displaces the bead held in the optical trap.  
 

No angle stretches were required for bundle stretching due to the fact that the flagella 

bundle is readily visible due to the increased scattering by more filaments.     

2.3. RESULTS  

     The calibration images were reduced to remove optical and electronic noise (Appen-

dix C) using ImageJ (NIH).   The positions of the beads were then tracked using “Track 

Particles” in Metamorph (Molecular Devices) following the guidelines set out by Carter 

et al. [23].  The bead tracks were then used to calculate the trap stiffness, K, using the 

equipartition method [24] (Appendix D).  K was determined for each of the ~10 sets of 

calibration images. 

     In the case of surface stretching experiments the optical trap stiffness was determined 

by the weighted average of all the K values in a given set.  This averaging was done for 

several reasons.  First, the “test” bead in the surface stretching experiments could not be 

directly or independently calibrated.  Secondly the noise in the trap itself prevented con-
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sistent instantaneous measurements of the stiffness either from eqipartition measurements 

or rolloff [24] from the QPD.  K was calculated for each bead in the calibration set and 

averaged.  The weighted average of all of the beads was then calculated giving the aver-

age trap stiffness (Appendix D).   

     The stretching images were reduced in the same way as the calibration images to re-

move noise.  The “test” bead was then tracked using Metamorph (Molecular Divices) as 

was done for trap calibration giving the “test” bead position in time.   A 2μm bead 

“fixed” on the surface was also tracked to give the position of the stage in time.  

     In the surface stretching experiments the length of the flagellum was calculated by 

measuring the initial stretch direction of the two angle stretching events and the stretch-

ing event itself.  The initial direction of the stretching is linear and the common intersec-

tion of all the lines gives the anchor point, the point of attachment of the flagellum.  The 

distance from the anchor point and the “test” bead gives the length of the flagella.  The 

length was then corrected for the height of the test bead off the surface (Appendix G).  

The bead positions were tracked by hand using ImageJ.  For the bundle stretching ex-

periments the flagella length were measured directly in Metamorph.      

     The position of the 2μm “fixed” bead on the surface gave the position of the stage 

while the position of the “test” bead in the trap gave the position of the free end of the 

flagella.  The difference in the in the two bead positions result in the extension, dl, of the 

flagella (fig. 2.3, Appendix H; kineograph a). 
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Figure 2.3   The top image shows a still from a movie of a bundle stretching event.  The bottom image 
shows a slice of the movie in the x-t plane going through the line drawn on the top frame.  The motion of 
the “fixed” bead and the “test bead are clearly visible.    
 

The change in the position of the “test” bead with respect to the optical trap position 

(which remains stationary) gives the force exerted on the flagella.  The force extension 

plot is then given by plotting the force exerted on the flagella against the extension of the 

flagella (fig. 2.4). 
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Figure 2.4  A typical force extension diagram of a surface stretching event.  dl is the extension of the fla-
gella and F is the force exerted on the filament.      
     

     The linear section of the force extension diagram at large extensions can be treated as 

a Hookean spring [25].  The spring constant, k, of a helical extension spring is given by 

3

4

8nD
Gdk =                                                       (2.1) 

where G is the shear modulus, d is the diameter of the filament, n is the number of turns 

in the filament, and D is the mean coil diameter [26].  Rewriting equation 2.1 in terms of 

the pitch, p = L/n, we get an expression for k in terms of the length of the helix, L, 
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LD
pGdk 3

4

8
=                                                      (2.2) 

This means we would expect the spring constant to go as ~1/L for a given p, d, and D.  

Figure 2.5 shows k as function of L for 18 stretching events.   

 

Figure 2.5  A plot of the measured spring constant from the linear region from a force extension curve vs. 
the length the flagellum.   
 

Figures (2.6, 2.7) show k as a function of 1/L data for the surface stretching experiment 

and the bundle stretching experiment.   



 25

 

Figure 2.6  A plot of the measured spring constant of a flagellum vs. 1/L for 18 surface stretching events.  
The data was fit by a weighted linear fit to find the slope C.  Two different populations of flagella seem to 
be present in the data.     
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Figure 2.7  A plot of the measured spring constant of a flagellum vs. 1/L for 6 bundle stretching events.  
The data was fit by a weighted linear fit to find the slope C.   
 
 

Plotting k as a function of 1/L we are able to fit a line, the slope, C, of which relates the 

shear modulus to the physical parameters of the helix by 

4

38
pd
CDG =                                                      (2.3) 

For the surface stretching experiment C was found to be 81.6pN ± 19.7pN where C for 

the bundle stretching experiment was found to be 72.0pN ± 27.3pN 

Rewriting equation 2.3 in terms of the bending modulus, A, we find (Appendix G)   
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p
CDA

8
3 3π

=                                                   (2.4) 

 

2.4. CONCLUSIONS 

       Figure 2.8 shows the shear modulus and the bending modulus for the periplasmic 

flagella (PF) and the flagella bundle of B. burgdorferi along with similar filamentous cel-

lular structures for comparison.  

 Shear Modulus (G) 
N/m2 

Bending Modulus (A) 
Nm2 

Salmonella flagella* 109 – 1011 10-24 – 10-22 

Leptospiraceae PF** - 3x10-24 

Microtubule*** 109 - 
B. burgdorferi PF 4.3x109 ± 1.0x109 6.7x10-23 ± 1.6x10-23 

B. burgdorferi  
flagella bundle 

3.8x109 ± 1.4x109 5.9x10-23 ± 2.2x10-23 

Figure 2.8.    
*    reference [27][40] 

  **  reference [28] 
  ***reference [29] 
 

The results reported here are in the appropriate range for similar molecules. 

     The force extensions plot (fig. 2.4) for both the surface stretching and the bundle 

stretching show virtually no hysteresis.  The force extension plots show the nonlinear re-

sponse consistent with the theory of filamentous springs [25].   

     From the figure 2.6 it seems that there are two populations in the data.  In the surface 

stretching experiments it is not know how many flagella are in a tether or the conforma-

tion of the flagella.   Do to the lack of detection of the flagella in the surface stretching it 

was presumed that there were just one flagellum.  Due to the different flagellar conforma-

tions of the flagella we would expect at least two populations in the  data.   
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     This method of fitting is only meant as an approximation and a proof of concept of the 

experimental method.  By grouping all the data together much of the information has 

been averaged out.  There is no way to distinguish different flagella conformations in the 

surfacing stretching and leads to an averaged value of the shear modulus and bending 

modulus of flagella.  The data is best suited for fitting a single stretching event to a 

nonlinear elastic model of the filament where all the information from the force extension 

plot can be utilized.  This work is currently underway and agrees with the model pre-

sented here within a factor of ~2.  The model has the advantage that it can distinguish dif-

ferent flagella conformations.           
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3 COLLECTIVE MOTION IN CONCENTRATED BACTERIAL SUSPENSIONS 

3.1. INTRODUCTION 

     The “standard model” for bacteria moving along a chemical gradient is the “run and 

tumble” model [2].  When all the flagella rotate in a coherent bundle the bacterium moves 

relatively straight executing “run”.  When one or more of the flagella rotate in the oppo-

site direction the flagella bundle comes apart randomly orienting the bacterium resulting 

in a “tumble”.  By adjusting the length of time the bacterium is in a “run” and the fre-

quency of the “tumble” based on the change in local chemical conditions between “runs” 

and “tumbles” the bacterium can perform a biased random walk along a chemical gradi-

ent.  The crux of the argument hinges on the fact that at low Reynolds numbers advection 

is dominated by diffusion with regards to metabolites of the bacteria.  The model success-

fully describes the motion of relatively dilute concentrations of bacteria moving in slowly 

changing spatial or temporal chemical gradients.  What happens when the concentration 

of the bacteria increases?  At what point does “run and tumble” become inadequate in de-

scribing bacterial motion? 

 In this chapter I will discuss the dynamics of concentrated bacterial suspensions 

of the aerobic bacteria B. subtilis.  In this system flows develop resulting in mixing on the 

scale of the suspension.  These flows can be understood in analogy to the Boycott effect 

[16] where geometry and localized concentrations create flows and hydrodynamic insta-

bility.   When the bacteria in a concentrated suspension consumes the available oxygen 

they begin to move along chemical gradients of diffusing oxygen thus concentrating 

themselves.  In the drop geometry this in turn leads to a hydrodynamic instability of a 
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denser fluid resting on a less dense one, which results in mixing.  On the scale of the bac-

teria in these suspensions, the concentration is high enough that steric repulsion comes 

into play.  The bacteria may be executing “run and tumble” behavior, but due to their 

close proximity to one another, random orientation in the “tumble” phase may be ef-

fected.  Furthermore, the high concentration leads to quorum polarity where the cells are 

close packed and line up along the long axis of the cell.   This further restricts typical bac-

terium motility and leads to more complex modes of motility.   These new motilities have 

direct impact on the health and survival of the colony as well as genetic exchange.                

 This chapter is a summary of the published paper “Self-Concentration and Large-

Scale Coherence in Bacterial Dynamics” which can be found in Appendix A.  Citations in 

this chapter will refer to the citation index of the paper unless otherwise stated.  This 

chapter is meant as a summary and should be read in conjunction with the paper for com-

pleteness and full understanding of the material.   

3.2. PRESENT STUDY 

Bacillus subtilis is a typical peritrichously flagellated motile bacterium typically found in 

wet soil (fig. 3.1).  B. subtilis is rod shaped, typically 4μm long and 0.7μm in diameter 

under optimal conditions.  B. subtilis is an aerobic bacteria which swims at speeds of 

~20μm/s executing, “run and tumble” motility along oxygen gradients as well as exhibit-

ing reversal motility (chapter 4).  B. subtilis was chosen for it affinity for oxygen which 

allows us good control the chemotactic gradients as well as easy understanding of the 

changing geometry of the oxygen gradient as the bacteria consume the oxygen.   
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Figure 3.1    Electron micrograph of B. subtilis about to divide into two cells. The scale bar is 1 μm. 
 
  First a drop (~1cm in diameter) of bacterial growth media (TB media) inoculated 

with a small concentration B. subtilis was placed in a Petri dish and let stand for several 

hours.  As the concentration of the colony grows the amount of oxygen needed to support 

the colony also increases.  A typical bacteria consumes ~106 oxygen molecules per sec-

ond [1] and the fluid at saturation can hold ~1.5x1017O2/cm2.  At typical bacteria concen-

trations (~109cm-3 [12]) a simple calculation shows that the bacteria will use up the avail-

able oxygen in less the 10 minuets [10].  This produces a geometry where the only oxy-

gen in the system is diffusing in from the air-fluid boundary layer.  The bacteria begin to 

move towards the oxygen concentrating along this boundary. Since B. subtilis is denser 

than water, this concentration of cells along the surface and subsequent depletion of cells 

below the surface lead to hydrodynamic instability where plumes of heavy fluid sink and 
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slid down the meniscus producing mixing patterns that persist for several hours (fig. 3.2, 

Appendix H; kineograph b) 

 

Figure 3.2   Bioconvection in a sessile drop of diameter 1 cm.  Top: images 5 min apart show the traveling 
wave bio-Boycott convection that appears first at the drop edge. Bottom: images 2 min apart show self-
concentration seen from above, beginning as vertical plumes which migrate outward. 
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 To better understand this behavior we constructed a Hele-Shaw cell a few mm 

thick in which was placed a healthy concen-

trated population of B. subtilis.  This effec-

tively creates a 2D slice of the sessile drop dis-

cussed above (fig. 3.3, Appendix H; ki-

neograph c,d).  The Bacteria quickly consume 

the saturated oxygen in the drop and migrate to 

the air fluid boundary or run out of oxygen and 

stop swimming.  The non-swimming bacteria 

sediment to the bottom leaving a behind a re-

gion depleted of bacteria.  As before this leads 

to hydrodynamic instability, plumes form and 

the heavier fluid move down the meniscus.  

This is analogous to the Boycott effect [16] 

where the geometry of a sedimentation tank 

creates regions of higher density of particles 

than the surrounding bulk fluid.  This in turn 

causes flow and mixing, thus decreases the 

sedimentation time.  Here the velocity along 

the meniscus can be understood as the balance 

between gravity and drag between the two layers [17] given by: 

Figure 3.3.   Dark-field side views of self-concentrative 
flows between two coverslips spaced 1 mm apart: (a) 
uniform initial concentration; (b),(c) development of 
depletion layer as cells swim upward; (d) –(f) plumes 
carried to nose of drop, dragged by surface layer. De-
pletion and accumulation layer thicknesses l and d are 
shown. The scale bar is 1 mm. 
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θ
η
ρ sin~ ghdu Δ                (3.1) 

where u is the velocity along the meniscus, h is the height 0.2cm, d length scale of the 

concentrated layer ~0.01cm , ρΔ is the difference in density ~0.001g/cm3, and η  is the 

viscosity ~ 0.01P.  This gives a velocity of u ~ 0.01 cm/s which matches the observations.  

This is much faster than the chemotactic velocity of the bacteria vc~10-3cm/s.  The flow 

moves down the meniscus entraining fluid which then re-circulates into the depletion 

zone (fig. 3.3) causing mixing on a time and length scale greater than the individual 

swimmer.     

              So what is occurring in these concentrated regions?  Figure 3.4 shows the con-

centrated bacteria at the edge of a sessile drop as seen through a microscope.   When 

viewed in real time these close-packed regions appear turbulent exhibiting many swirling 

regions and coherent jet like structures (Appendix H; kineograph e, f).   

 

 
FIG. 3.4   Bacterial ‘‘turbulence’’ in a sessile drop, viewed from below through the bottom of a petri dish. Gravity is per-
pendicular to the plane of the picture, and the horizontal white line near the top is the air-water-plastic contact line. The 
central fuzziness is due to collective motion, not quite captured at the frame rate of 1=30 s. The scale bar is 35 μm. 
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To further study this behavior the geometry of a pendent drop was chosen.   This geome-

try has the advantage that once cells concentrate along the meniscus edge gravity brings 

them to the center, low point, of the drop.  This provides a convenient way of concentrat-

ing and observing the “turbulent” behavior of the bacteria.  Movies were then recorded at 

30fps, and the images were analyzed using particle imaging velocimetry (PIV) using 

Flow Manager p.o.c (Dantec) to produce velocity fields of the swimming bacteria (fig. 

3.5). 

 

 

 

Figure 3.5   Flows at the bottom of a pendant drop. Instantaneous bacterial swimming vector field. The ar-
row at right denotes a speed of 35 μm/s. 
 
 

From the PIV images vortices are seen as well as large coherent regions or jets with ve-

locities on the order of ~50um/s, scales much larger that that of a single swimming bacte-
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rium.   

     The correlation functions of the PIV data were then computed.  The spatial correlation 

is given by   
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Which is simply the normalized dot product of a position in the velocity field to all other 

position in the field.  Similarly the temporal correlation is given by  
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which is the normalized dot product of a point in the velocity field to the same point in 

time.  The spatial and temporal correlations functions are plotted in Figure 3.6 

 

Figure 3.6. Correlation functions in a pendant drop: (a) average spatial correlation I(r) (solid) along with 
several traces at particular times; (b) Average temporal correlation J(t) (solid) with two particular traces. 
 

In the average spatial correlation plot we see anti-correlation out to ~100um, the scale of 

the vortices, and a temporal correlation of ~2s.   

This provides a mechanism for previously described super diffusion [21][22] of 

passive tracer particles in concentrated suspensions of bacteria where Dtracer ~10-5 – 10-4 
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cm2/s.   The particles entrained in vortex will have an effective diffusion, 

    
〉〈
〉〈

=
lifetime

sizedomainDeff

2

                                                   (3.5) 

of Deff ~ 5x10-5cm2/s matching the reported values.  Furthermore, with these new scales 

for the collective system we have a Pe ≅ 5, 100x larger than an individual swimmer.    

3.3. CONCLUSIONS 

The work clearly demonstrates that there is collective behavior in concentrated bac-

teria that induces fluid flow on a length scale and velocity scale larger than can be 

achieved by an individual bacterium.  Increased mixing and diffusion have a direct influ-

ence on the health and viability of concentrated bacterial suspensions and my have impli-

cations on quorum sensing and biofilm formation.    
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4  REVERSAL MOTILITY OF BACTERIA 

4.1. INTRODUCTION 

In the close-packed conditions that exist in the collective motions of concentrated 

bacteria, the model of “run and tumble” seems to break down, or at least requires modifi-

cation to accommodate the new restraints on the geometry of the system.  As noted in 

Chapter 3 the time scales of the ZBN correspond to the tumbling frequency, therefore the 

nature of a “tumble” of close-packed bacteria is critical in understanding the nature of 

collective behavior.  The novel behavior of bacterial reversals, a specific type of “tum-

ble”, where the swimming direction is reversed without changing the cell orientation, is 

discussed here.  

This chapter is a summary of the published paper “Reversal of Bacterial Locomo-

tion as an Obstacle” which can be found in Appendix B.  Citations in this chapter will re-

fer to the citation index of the paper unless otherwise stated.  This chapter is meant as a 

summary and should be read in conjunction with the paper for completeness and full un-

derstanding of the material.       

 

4.2. PRESENT STUDY 

To understand the nature of the reversals an experiment was needed that would induce an 

individual bacterium to reverse in such a way that reversal events could be imaged.  It 

was found that placing an ~800um silica sphere on the bottom of a Petri dish provided a 

shallow wedge geometry that bacteria could interact with while allowing good imaging 

through a microscope (fig. 4.1).   
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Figure 4.1   A glass sphere at the bottom of a sessile drop (not to scale) of bacterial suspension (Terrific 
Broth, TB).  
 
The Petri dish was the filled up with a shallow dilution of TB growth medium freshly in-

oculated with a low concentration of B. subtilis.  B. subtilis was grown at 37C for 4 hours 

in a shaker bath (100 rpm) from stores (Appendix E).  The bead was centered in the field 

of view at 20x magnification and images were recorded for ~30 minuets on videotape.  

After about 30 minuets the culture would become too contaminated.  The video was then 

painstakingly reviewed to find events where a bacterium swan into the wedge geometry, 

stopped moving, and then backed out of the of the geometry reversing its direction (fig. 

4.2).   

 

Figure 4.2.  A bacterial reversal. Images taken 0.28 s apart show a bacterium approaching the narrow gap between a 
glass sphere and Petri dish, pausing, then swimming back out without turning around. Interlopers seen in frames 13–16 
do not affect the motion of the reversing bacterium. The horizontal field of view is 30 μm. The black arcs mark the ra-
dius of closest approach. 
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 Once events were identified on the tape they were digitized and tracked manually in 

Metamorph (Molecular Devices).  Tracking automatically could not be reliably carried 

out without heavy, time consuming, image processing.  One end of the bug was chosen 

and that point on the bacterium was tracked.  As the bacteria swim they rotate bringing 

the ends in and out of focus resulting reducing the accuracy of the track.   This was the 

dominant error in tracking which was typically less than 5%.  Figure 4.3 shows a top 

down view of the experiment with 5 bacteria tracks overlaid, where the solid lines indi-

cate inward trajectory and dashed lines indicate outward trajectory.  100 such events were 

recorded and analyzed.  

 

Figure 4.3  Examples of swimming reversals.  A few incoming (solid) and outgoing (dashed) trajectories at 
the footprint of an 800 μm-diameter glass sphere. 
 
 There was almost no discernable difference between inward and outward veloci-

ties of the bacteria, i.e. before and after the reversal.  Figure 4.4 is a histogram of the ratio 
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of the asymptotic velocities , ∞
outv / ∞

inv , it is a Gaussian with a mean of 1.05.   

 

Figure 4.4.  Statistical results for 100 reversals, Histogram of asymptotic velocity ratio, with Gaussian fit. 
 
The averages of the inward and outward speed of the tracks normalized by ∞

inv  and ∞
outv  re-

spectively are given by figure 4.5.   

 

Figure 4.5.   Time dependence of average swimming velocities. (a) Average of 100 inward tracks, each normalized by 
the asymptotic velocity far from constriction. (b) As in (a), but for outward tracks. At times larger than shown the sta-
tistical uncertainties grow larger due to the fewer number of trajectories in the sample. Uncertainties are standard er-
rors. 
 
This shows the bacteria swimming in at a constant speed, decelerating as the bacteria be-

gin to interact with the boundary, and finally coming to a stop as the wedge becomes too 

narrow for the bacteria; then acceleration away from the boundary to a constant speed.  

There is a slight asymmetry in the inward deceleration and the outward acceleration due 
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to the differences in the flagella position in the two cases.  The deceleration was twice as 

long as the acceleration at ~2s.  In the inward case the flagella are further away from the 

boundary and interact less while in the outward case the flagella interact more with the 

boundary.    

 Δθ is defined to be the change in the angle between the inward and outward tra-

jectories.  There is no correlation between the amount of time the bacterium was stopped 

against the boundary, or docked, and Δθ (figure 4.6).   Δθ is partially due to the unbun-

dling and re-bundling of the flagella which was faster than the experiment could resolve.   

 

Figure 4.6.  Statistical analysis of docking. The main figure shows a histogram of docking times with two binning 
choices. The insets show histograms of the angle Δθ between in and out trajectories, and a correlation plot between 
those angles and the docking times. The gray bars indicate maxima and minima observed within each bin, not statistical 
uncertainties. 
 
4.3. CONCLUSIONS  

This reversal motility provides a mechanism for bacteria moving against a ZBM to 

be adopted into it.  This new motility is also consistent with “run and tumble” in that the 
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“run” and “tumble” frequency is not affected and still allows for a biased random walk.   

5 CONCLUSION 

From this work is has become clear that a proper understand of micro-organism 

motility and its implications will only come from a complete description on all relevant 

length scales.  To understand the nature of the driving forces in the collective phase un-

derstanding and modeling of the propulsion mechanisms of a single organism will have 

to be fully understood.  To this end this work has shown that there is important collective 

motile behavior at time scales and length scales beyond the limit of a single organism, a 

novel reversal motility, and has shed light onto the structure of the flagellum.   
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APPENDIX A: SELF-CONCENTRATION AND LARGE-SCALE COHERENCE IN 

BACTERIAL DYNAMICS 
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Reprinted article with permission from Christopher Dombrowski et al., Physical Review 

Letters 93, 098103 (2004).  Copyright 2004 by the American Physical Society. 
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APPENDIX B:  REVERSAL OF BACTERIAL LOCOMOTION AT AN OBSTACLE 
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Reprinted article with permission from Luis Cisneros et al., Physical Review E, 73, 

030901 (2006).  Copyright 2006 by the American Physical Society. 
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APPENDIX C:  NOISE CHARACTERIZATION IN DIGITAL IMAGING  

Noise characterization of CCDs, both optical and electronic noise, is standard practice 

Astronomy.  Although astronomers know the basic concepts and theory of image process-

ing the techniques have not been fully adopted into the biosciences.  As the biosciences 

optically probe smaller scales the signal to noise ratio declines.  For bright field tech-

niques such as DIC of phase contrast as the amount of scattered light goes as ~r4 where r 

is the scale of the specimen [31].  In the case of bacterial flagella it is difficult to detect 

the light scattered off the flagella without addressing the noise of the camera.  To take full 

advantage of modern computer based image processing the initial images need to be as 

noise free as possible. 

 The main goal of image noise characterization is to normalize all the CCD’s pixel 

response such that each pixel reports the same value for a given amount of light.  There 

are several common causes of noise that lead to a non-uniform response of the CCD.  

Slight differences in the quantum efficiency (QE) of each pixel lead directly to a non-

uniform response.  Thermal fluxuations on the chip can liberate electrons that are misread 

as electrons caused by photons.  Electronic noise in the camera and supporting electronics 

can also add extra electrons to the signal.  Finally non-uniformity in the illumination 

source and in the optical system can cause variations of intensity on the chip which can 

be misinterpreted as part of the signal [32].  The response of the CCD while imaging is 

assumed to be 

),(),(),(),( yxEyxFyxOxyI +=  

where I(x,y) is the recorded intensity off the CCD, O(x,y) is the object being imaged, 
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F(x,y) is the far field scattering, and E(x,y) in the electronic and thermal noise in the CCD 

and supporting electronics.     

 By taking a series of images under the right conditions the noise of a bright field 

system can be characterized and removed leaving the raw signal.  The electronic and 

thermal noise can be characterized by recording a series of images at the same duration as 

the data images while keeping the shutter closed.  The images taken without incident light 

are effectively images of the electronic and thermal noise that would be present in an im-

age of the same duration.  By averaging these images together the random fluctuations 

are averaged out leaving only the systematic structure of the noise, which is called the 

Dark (Fig. C1). 

Dark = < E(x,y) > 

 

Figure C1.  The average of 100 frames taken with the shutter closed at 25ms exposure.   
 

Similarly the non-uniformity of the optical system along with the non-uniformity of the 
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CCD chip can be characterized.  After the sample is mounted on the microscope and the 

microscope is aligned and collimated the focus should be moved below the sample plane 

and positioned at a point below the coverslip of the sample.  Care should be taken to en-

sure that intensity of this image no longer depend upon the depth below the coverslip or 

the x-y position of the sample.  A series of images are then taken.  This should produce a 

uniform illumination on the CCD.  Any variation in the illumination arises from the non-

uniformity in the optical system, such as dust in the optical system far from the focus, the 

inherent non-uniformity of the pixels on the chip, and from any non-uniformity in the il-

lumination itself.  The Dark image should be subtracted from these images before they 

are averaged producing the Flat image (fig. C2). 

Flat = < F(x,y) - < E(x,y) > > 

 

Figure C2.  Flat field image.  The average of 100 frames taken focused below the coverslip, 25ms exposure 
(Dark subtracted from each frame before averaging).   
 

 Once the Dark and Flat images are reduced the noise can be removed from a data 
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image by using the following algorithm [32]. 

O(x,y) = ( I(x,y) – Dark )/(Flat)  

Where O(x,y) is the final image with noise removed and I(x,y) is the raw image off the 

CCD.  O(x,y) should be a flat image scaled around the intensity of the light used to create 

the flat, which should be on the same order as light intensity used to record the data, typi-

cally on the order of 1.     

 

Figure C3.  The Data image ( I(x,y) ).  25ms exposure of the sample, near the surface.   
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Figure C4.  O(x,y), I(x,y) with the noise removed on the left, the same image inverted on the right.  
 
Multiplying by an arbitrary integer, N, resamples the image into an image of arbitrary bit 

depth for display purposes.  In O(x,y) the background is much flatter, the contrast on the 

fine structures is increased, and diffraction patterns from dust in the system are com-

pletely removed.  The remaining diffraction patterns seen O(x,y) are material on the sur-

face of the coverslip which was obscured or indistinguishable from the noise in the raw 

data, I(x,y).   
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APPENDIX D:  OPTICAL TRAPPING 

HISTORY 

Optical trapping, the use of light to manipulate and measure forces on small parti-

cles, was effectively demonstrated by Ashkin the 1970’s [33][34].  By the early 90’s 

Svoboda et. al.[35], among others, employed optical trapping to biology.  Manipulation at 

the nm scale and the measurement of pN forces have allowed access to the very building 

blocks of life, single molecules.  For a proper review of the state of the art of optical trap-

ping see Neuman et. al. [24].   For a review of the history of optical trapping see Ashkin 

[36]. 

OVERVIEW 

Optical traps can be understood in terms of the momentum transfer from the incident 

light of the trap to the particle being trapped.   In the case of gradient optical traps colli-

mated light is brought to a focus, forming the trap.  It is convenient and easy to see how 

the trap works by looking at the forces in terms of the scattering force, the force in the di-

rection the beam is propagation, and the gradient force, nominally perpendicular to the 

direction of light propagation.  The forces from the incident beam have to overcome the 

other forces acting on the particle such as gravity and Brownian motion to form a trap.   

In the Mie regime, where r λ (where r is the radius of the particle), ray optics are 

sufficient to understanding how an optical trap works.  As the incident light from the 

beam is refracted by the dielectric particle the light changes its direction and thus changes 

its momentum.  There must be an equal and opposite change in the momentum of the par-

ticle.  Figure D1 shows how these forces push the trapped particle into a stable equilib-
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rium of the trap (typically near the focus). 

 

Figure D1.   Propagation of incident light is upward in both cases.  For the bead on the right, parallel light 
passes through the bead with a higher intensity on the left.  The gradient and scattering forces push the bead 
up and to the left.  For the bead on the right, the bead is sitting above the focus of the incident light with a 
higher intensity on the right.  The scattering and gradient forces will pull the bead down and to the right.    
 

In the Raleigh scattering limit, r λ, the scattering and gradient forces are given by    

                                                               
c
nIFscatter

σ
=                                                    (D.1) 

                                                           I
cn

Fgrad ∇= 2
2πα                                                    (D.2) 

where I is the light intensity, σ is the scattering cross section of the trapped particle 

(which is a function of the size of the particle, the index of refraction of the particle, the 

surrounding medium, and the wavelength of the trapping beam), and α is the polarizabil-

ity of the trapped particle (α is a function of the index of refraction of the particle and the 

surrounding medium as well as the particle size) [24]. 

 In most cases the particles of interest are of the ordered of the trapping wave-
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length (r∼λ) where neither the Mie or the Raleigh criteria are applicable and a more com-

plete description is required.    

Most gradient optical traps are constructed by bringing an expanded beam of light 

to a tight focus through a microscope objective.  The objective should have a high nu-

merical aperture maximizing the gradient force on the trapped particle.  The expanded 

beam should fill (or overfill) the back aperture of the microscope objective. 

Instrument Description 

The optical trap used for the flagella stretching experiments was a two trap system 

which was constructed using an 800mW NdYg laser with a wavelength of 1064nm 

(Santa Fe Laser Co.) and a 60x 1.4 NA oil immersion objective (Nikon).  The trap was 

built into a TE-2000 Nikon microscope with DIC set up (Nikon).   

 Immediately out of the laser head the beam passes through a 1064nm long pass 

filter filtering out some lower wavelengths from the laser, presumably the pumping laser 

(~800nm).  The beam then passes a half-wave plate on a rotating mount and a polarized 

beam splitter (PBS) cube to serve as a power control (excess power is diverted into a 

beam dump).  The beam continues on into an 8x beam expander expanding the beam to 

~1cm in order to fill the back aperture of the microscope objective. The beam then passes 

through a second half-wave plate and PBS forming the two paths of the two traps.  Trap 1 

passes through a steering lens pair forming a 1:1 telescope with the second lens on an x-

y-z translation stage with the x-y motions controlled with linear actuators (Newport 860A 

w/ 860-C2 controller).  The beams are recombined with a third PBS and the beam pair 

then passes through a second set of steering lenses, again the with the second lens of the 
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pair on an x-y-z translation stage with the x-y motions controlled with linear actuators 

(Newport 860A w/ 860-C2 controller).  The beam pair is then reflected into the micro-

scope objective via a 1064nm short-pass dichroic mirror.  This prevents 1064nm light 

from entering the microscope and interfering with imaging, the imaging path is antiparal-

lel to the beam path.  The scattered light off the particle from the trapping laser was im-

aged into a quadrant photo diode (QPD)(UDT Instruments, 501 duel axis) via a second 

1064nm long pass dichroic mirror in the condenser housing and an imaging lens.  The 

imaging lens was placed such that is imaged the back focal plane of the condenser on the 

QPD (ie. the iris plane of the condenser).  This allows for nm precision measurements of 

the trapped particles position relative to the trap [37] (fig.  D2). 
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Figure D2.   Diagram of the duel trap set-up.  TE2000 microscope not shown.  The objective was used to 
form the trap and image (imaging path not shown). 
  

Imaging was done with a Qantix50 (Photometrics) camera on a 4x magnifier with 

an IR filter to block any back scattering of the trap.  All imaging was done with DIC il-

luminated with an Hg arc source (Nikon) with a Notch filter (~530nm) to improve con-
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trast.  

 The fine focus knob of the microscope was geared to an encoder (Lumicon, Sky 

Vector) yielding a ratio of ~0.064 μm/degree, height in the z direction per rotation of the 

fine focus knob.  This allow for the measurement of the height in the experiment.    

PRATICAL CONSIDERATIONS. 

 The limitations of any apparatus are the limiting component of any experiment.  

The QPD was found to have too much intermittent noise to be used for trap calibrations 

or position measurements in the y direction.  The noise is attributed to the ~23Hz vibra-

tion of the building, ~100Hz (and harmonics) vibration of the Quantix50 camera, and vi-

brations from the ventilation system of the building.  The vibrations were amplified in the 

y-axis due to the placement of the QPD an extended housing attached to the condenser 

assembly of the microscope creating large moment arm.  The noise prevented to use of 

the “roll-off” method [24] for calibration as the noise peaks were around the critical roll-

off frequency in the power spectrum of the bead position.   

 The characteristic time of a bead in the trap in this system was found to be [t] ~  

1.0 KHz by  

                                                                 
k

rt πη6][ =                                                    (D.3) 

where rπη6  is the Stokes drag on a sphere and k is the spring constant of the trap.  Im-

ages taken at a frequency lower than this will be averaged in time and will not represent 

an instantaneous position of the bead.    

The stretching experiments were conducted such that the stretching took place 
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purely in the x direction.  This was done due to the noise in the y direction.  The stretch-

ing was within ~2o
 of parallel to the x-axis.  This means that the force as measured in the 

x direction is within ~5% of the actual force exerted on the trap.   This is within the error 

of the trap calibration.  This assumption holds for a symmetrical trap, Kx = Ky.  The trap 

symmetry was checked visually and Kx was found to equal Ky within the calibration error.       
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APPENDIX E:  LABORATORY PROTOCOLS 

COLD STORAGE 
 
     Cells were prepared for cold storage by placing an amount of optimally healthy cells 

in glycerol [38].  A cell line is grown under normal conditions (37 C shaken @ 100rpm) 

and harvested at the optimal time, ideally in the mid log phase (~3 hours for E. coli, ~4 

hours for B. subtilis).  Once cells are harvested they are mixed in equal parts to sterile 

glycerol and placed into cold storage, -20 C for short term use (~6 months) or –70 C for 

longer storage (~years).  Typically 0.5ml of cell stock to 0.5 ml of glycerol is placed in a 

1.5ml micro centrifuge tube.  It is important to keep everything as sterile as possible as 

contamination can reduce the viability of the sample.  It is also important to thoroughly 

mix the cell stock and the glycerol otherwise the effectiveness of the glycerol as an anti-

freeze will be reduced which will shorten the life of the sample.    

RECONSTUTION OF CELLS 

     Reconstituting cells from cold storage was accomplished by placing a small amount of 

cold stock as inoculating in fresh media [38].  A stab of cold stores to 50ml of LB media 

for E. coli and 1ml of cold stores to 50 ml of TB (Terrific Broth, Sigma) media for B. 

subtilis.  The inoculated media was then set in a shaking water bath (37 C @ 100rpm) for 

~12 hours.  This produces a viable population of healthy cells that can then be used for 

further inoculations of cell lines for use in experiment.  It is not advisable to use the cells 

directly from cold stores for experimentation due to the amount of unhealthy, dead, or 

otherwise compromised cells.     

     B. subtilis cells were prepared from spores by inoculating fresh TB media with a stab 
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from a sporilation plate or from a pinch of spores elophilized on sand [38].  Typically 

~20ml of TB were inoculated in a Petri dish and let stand at room temperature for ~24 

hours.  This culture could then be used as an inoculant to continue cells lines.  

POLY-L-LYSICS COATED MICROSPHERES 

     Poly-l-lysine coated microspheres were prepared in the following way.  5-10μl of 

stock bead solution (Bangs Labs, etc.) were placed in a solution of 0.01M Poly-l-lysine, 

vortexed, and let stand at room temperature for 10 minuets at room temperature [39].  

The mixture was then centrifuged at 4kg for 5 minuets to sediment the microspheres.  

The supernatant was then removed and the sediment was resuspended with the desired 

bulk solution (ddH2O, saline solution, etc.) and vortexed.  The sedimentation and resus-

pension can be repeated to reduce the amount of free poly-l-lysine in the bulk solution if 

that is a concern.   

COVERGLASS PREPARATION 

     For an extremely clean, flat surface for the stretching experiments, cover slips were 

cleaned in a KOH bath.  The KOH bath in made by dissolving KOH pellets to saturation 

in ethyl alcohol (~400ml).  The solution was degassed in a sonicator for 10 minuets.  

Cover slips in a teflon holder were placed in the solution and sonicated for 3-5 minuets.  

The cover slips were then removed from the solution and rinsed in a ddH2O bath.  The 

cover slips were then removed from the rinse bath and sonicated in ddH2O.  The cover 

slips were then rinsed by squirting ddH2O from a squirt bottle carefully on each of the 

cover slips.  The cover slips were then rinsed again by squirting ethyl alcohol from a 

squirt bottle carefully on each slide.  The cover slips were then placed in an oven at ~120 
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C to dry.  
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APPENDIX G:  DATA REDUCTION AND ERROR ANALYSIS 

Calculation of the shear modulus, G, and the bending modulus, A, from the watchmakers 

equation (G1).   The watchmakers equation gives the spring constant, K, of a helical ex-

tension spring in terms of the physical parameters of the helix.   d is the diameter of the 

filament, D is the diameter of the helix, and n is the number of coils in the helix (fig. G1). 

 

Figure G1.  Geometry of a helix. 
 

3

4

8nD
GdK =                                          (G1) 

The pitch, p, is defined by 

          
n
Lp =                                                       (G2) 

by rewriting equation G1 in terms of the pitch we find K as a function of the length.  

3

4

8LD
GpdK =                                                     (G3) 

By the slope, C, of the plot K as a function of 1/L will give the related to G in terms of the 

parameters of the helix.    

3

4

8D
GpdC =                                                     (G4) 
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4

38
pd
CDG =                                                     (G5) 

The bending modulus is given in terms of the Young’s modulus, E, is  

4

4EaA π
=                                                     (G6) 

where we have assumed the relation between E and G as 
                                                         GE 3=                                               (G7) 

giving 

                    
4

3 4GaA π
=                                                    (G8) 

Rewriting A in terms of C we find 

      p
CDA
8

3 3π
=                                              (G9) 

 

L is the observed length of the filament being stretched not taking into account its projec-

tion into the plane (fig. G2).   
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Figure G2.   Geometry of the surface stretching experiment.    
 

In the case of the surface stretching experiments L is calculated in the following way.  

Given the position of a tethered bead just before and just after stretching starts a line can 

be fit that tends towards the anchor point.  Given at least two lines the position of the an-

chor and the length of the flagella can be found (fig. G3).   

 

Figure G2.   Geometry for determining L for small displacements.  
 
Starting with two position pairs (x1,y1) and (x1,y1) we get two fitted lines.   

ii bxmy +=                (G10) 

The intersection of the two lines gives the x position of the anchor point. 

1

1

+

+

−
−

=
ii

ii

mm
bb

x                                                     (G11) 

The y positioning of the anchor point can be found from the equations of the fitted lines.  
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The difference between the x,y coordinates of the “test” bead and the x,y coordinates of 

the intersections of the fitted lines allow us to find l.   

22 yxl Δ+Δ=                                                    (G12) 

The error on l is given by   
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where σx  and σy are the error in the position measurements.  This can be done for as 

many line pairs that can be obtained; the final l value gives the weighted average of l 

from each line pair.   

L is the projection corrected length given the height, h, the “test” bead is off the surface 

and σh.  L is given by 

22 lhL +=                                                      (G14) 

with the error of L given by 
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In the case of the bundle stretching the length of the filament can be measured directly 
and the height is set to such that the stretching takes place in the z plane (fig. G4). 
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Figure G4.   Geometry of the flagella bundle stretching experiment.   
 

The force, F, excreted on the bead in the trap is simply given by 
xkF Δ=                                                      (G16) 

222 xkF Δ= σσ                                                        (G17) 
The error of the linearized data, q = 1/L, is given by 

4

2
2

L
L

q
σ

σ =                                                        (G18) 

The weighted error is given by 
222
Kqw σσσ +=                                                        (G19) 

This finally gives the error of G and A as  

                                                         
2

4

3
22 8

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

pd
D

CG σσ                                      (G) 

 

                                                         
23

22

8
3

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

p
D

CA
πσσ                                      (G) 

 
 

 



 78

APPENDIX H:  KINEOGRAPHS 

Kineograph a) is of a flagella bundle stretching experiment.  See Figure 2.3 for descrip-

tion.     

Kineograph b) is bioconvection in a sessile drop, duration is approximately ~30 minuets.  

See Figure 3.3 for description.   

Kineograph c,d)  Bioconvective flows in a Hele-Shaw cell, duration ~ 5 minuets.  See 

Figure 3.4 for description. 

Kineograph e,f)  “Turbulent” collective behavior of bacteria, duration approximately ~16 

seconds.  See Figure 3.2 for description.  Kineograph f) is the same as e) with bright-field 

illumination turned off allowing fluorescently labeled beads to trace out the fluid flow.        
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