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active filament, 108, 260
comparison with experiments, 115
in Oldroyd-B fluid, 335

active matter, 303

active propulsion, 10

active sheet, see active filament

active suspension, 299
continuum model, 299

Adler equation, 231, 234
forced, 181, 207

anisotropy
drag, 77, 88, 101

anisotropy of viscous drag, 71

antiplectic wave, 42

apparent slip, 343

apparent slip length, 344

asymptotic solution, 32

ATP, 9, 10, 108, 112, 113, 115

attraction by surfaces, 191

average stress, 151

axoneme, 9

Bacillus subtilis, 130, 304
bacteria, 120

Brownian motion, 279

helical propulsion, 65

helical trajectories, 129

locomotion, 120

magnetic, 179

peritrichous, 135, 266

polar, 135

swimming, 122, 124

types, 136
bacterial flagellar filaments, 120
bacterial turbulence, 304
balance of torques, 124
Batchelor, G.K., 86, 88, 143, 151
bending modulus, 110
biased locomotion, 179
biased swimming under shear, 180
biharmonic equations, 16

bioconvection, 313
biological locomotion, 5
biological background, 3
biological fluid mechanics, 4
external, 5
internal, 4
biological world, 3
Blake, J.R., 45, 190
bottom-heavy, 151, 182, 313
Brinkman equation, 340
Brinkman medium, 339
Brownian dynamics, 272
Brownian motion, 155, 269, 279
effect on swimming, 281
Brownian noise, 178

Cauchy equations, 12, 301
cell clustering
instability, 297
cell interaction, 293
cell motility, see also bacteria; ciliate; spermatozoa;
locomotion, 6
centre of mobility, 68
chemotaxis, 180
chirality, 68, 122, 125
Chlamydomonas, 7, 10, 148, 182, 294
synchronisation, 234
cilia, 30, 216
array, 30
envelope, 30
nodal, 216, 217, 220
flow rate, 219
propulsive, 217, 220
synchronisation, 227
two-stroke, 220, 223
wall-bound, 216
wave, 41
ciliate, 10, 16
circular swimming, 199
collective instability, 304
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collective locomotion, 291 eukaryotes, 3, 9, 66
clustering, 297 animals, 3
discrete model, 291 fungi, 4

collective motion plants, 4
continuum model, 299 protists, 3
phenomenological hydrodynamic equations, 304 eukaryotic flagella, 97

colloids Eulerian view, 55

spherical, 266
complex fluids, 315

Faxén’s laws, 160
angular velocity, 163

comparison with experiments, 324, 334 velocity, 162
corkscrew motion, 72 filament
Cox,RG., 86, 88 active, 108, 112
Darcy equation, 340 bacterial flagellar, 120
dashpot, 316 ben.t, 80
Deborah numbers, 319 hellcal,‘ 120
degree of freedom, 26 rotation, 120
diffusion, 269, 272, 276 slender, 69, 77
effective, 282, 284, 288 waving, 74

flagella, 6, 65
kinematics, 98
mid-piece, 10

of cells with circular trajectories, 282
of straight-swimming cells, 281
outrunning, 285

rotational, 276, 277 non-smooth, 101

dipolar flow, 140 sleflder,. 68 -
dipole strength, P, 141 swimming of finite-sized, 105

drag, 19 synchronisation, 242

Stokes formula, 22 waving L ith . ts. 106
drag anisotropy, 69, 77, 88, 101, 124 . eﬁginp““”“ With experiments,
drag coefficient, 69, 87, 88 g

filament, 7

drag coefficient ratio, 101
drag-based propulsion, 69
drag-based thrust, 71

normal polymorph, 8
flagellar hook, 7
flagellar propulsion, 65

E. coli, 8, 148,203 3D model, 119
effective diffusion, 282, 284, 288 flagellar wave, 74, 98
elastic compliance, 228, 231, 233 rate of work, 103
elastic energy of a filament, 109, 110 flagellin, 8
elastic force density, 111, 112 flow around cells
elastic strain, 108 leading-order, 146
elasticity, 108 flow singularity, 142, 187, 189
linear, 109 high-order, 150
slender rod flow vorticity equation, 16
Kirchhoff framework, 108 fluctuation—dissipation theorem, 273
elasto-hydrodynamics, 112 Fokker—Planck equation, 274, 275, 290, 300
linearised, 112 force dipole, 51, 140, 193, 292
elasto-viscous penetration length, 113, 118 attraction by surfaces, 193
elongated swimmers, 168 comparison with experiments, 147
in extensional flow, 178 reorientation by surfaces, 198
in Poiseuille flow, 177 vorticity, 295

force-free motion, 19
force-free swimming, 139, 146
Fredholm integral relationship, 92

in shear flow, 175
energy budget, 114
energy expenditure

ATP in axoneme, 112 free swimming, 18, 21, 49, 98, 100, 123
in viscoelastic fluid, 322 gravitaxis, 180
rotary motor, 127 Green’s function for Stokes flow, 78
envelope model, 55 gyrotactic focusing, 183
Escherichia coli, see E. coli gyrotactic trapping, 182
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Hancock, G.J., 77 long-wavelength limit, 31, 102, 213, 215, 249, 251,
helical filament, 120 254, 255, 257, 258, 261, 268, 342
finite-size, 128 low Reynolds number
resistance matrix, 121 swimming, 20
helical filaments lubrication, 213
comparison with experiments, 130 lubrication equations, 252

helical propulsion, 65

. . . magnetotaxis, 179
helical resistance matrix, 122

mastigoneme, 75, 101

hel?cal sha.pes,-l 33 Maxwell fluid, 316, 320, 350
hellcgl swimming mean value theorem, 162
optimal, 132 metachronal wave, 30, 41, 60, 239
helical trajectory, 130 antiplectic, 42
helix continuous phase field, 241
hydrodynamics, 121 symplectic, 42
rotating, 72 method of images, 186, 187
heterogeneous fluid, 338 mobility
hydrodynamic attraction centre of, 68
far-field, 191 modelling, 10
hydrodynamic attraction by surfaces, 187 moment-of-inertia tensor
hydrodynamic focusing, 182 instantaneous, 14
hydrodynamic force, 14 motility, 6
hydrodynamic interaction, 293 cell, 6
hydrodynamic reorientation, 194 motility-induced phase separation, 313
asymmetric body, 206 motor
wall-induced, 201 rotary, 7
hydrodynamic screening, 191 mucus, 43

hydrodynamic singularities, 77
superposition of, 79
hydrodynamic torque, 14
hydrodynamically optimal travelling wave, 103

Navier—Stokes equations
incompressible, 13
Newton’s second law, 14

Newtonian fluid, 12
inextensibility, 37, 110 properties, 16

instabilities .

aligned state, 305 Oldroyd-B ﬂuld’ 326

. R rate of work in, 331
physical mechanism, 311 . .
: . . optimal helical shape, 132

uniform isotropic state, 309 ... .
. . optimisation of flow speed, 39
instability of cell arrangements, 296

s order parameter, 303
1t6’s Lemma, 274 . . .

orientation correlation, 286

Janus particle, 62 orientation instabilities, 297
Jeffery’s equation, 174, 195, 294, 301
Jeffery’s orbits, 175, 177

comparison with experiment, 177
Jeftreys fluid, 318, 325
Johnson, R.E., 92

Paramecium, 7, 10, 42

passive propulsion mechanism, 8
pattern formation, 312

Péclet number, small, 285

phase separation, 343, 344

Lagrangian view, 55 complex fluids, 347
Langevin equations motility-induced, 313
discrete, 270 phototaxis, 180
Langevin, P., 270 polymorphic form, 8
Lighthill, M.J., 6, 45, 46, 77, 89, 90, 103 polymorphic shapes, 134
locomotion polymorphism, 133
biased, 179 normal waveform, 135
biological, 5 probability distribution function, 274, 283, 300
collective, 291 prokaryotes, 3, 7, 65
instability, 304 archaea, 3
direction, 125 bacteria, 3
low Reynolds number, 6, 18, 23 prolate spheroid, 86
shape dependence, 24 propeller efficiency, 132
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propulsion

spermatozoa, 66
propulsive force, 69, 71
puller cell, 147, 193, 294, 295, 299
Purcell’s two-hinged swimmer, 27
Purcell, E., 25, 132
pusher cell, 147, 193, 294, 295, 299
pushme-pullyou swimmer, 28

quasi-steady flow, 17

rate independence, 23
rate of work, 18, 37
reciprocal theorem, 21, 51, 54, 95, 160
rotational, 54
relaxation modulus, 319
relaxation time, 317
reorientation
by surfaces, 194
hydrodynamic, 201, 206
upstream, 206
resistance matrix, 20, 67
helix, 128
resistive-force theory, 69, 86
in external flow, 169
resistive-force theory vs. slender-body theory, 89, 94
Reynolds number, 6, 14
characteristic, 15
high, 15
low, 15, 17
integral theorem, 20
locomotion, 6, 23
oscillatory, 15
rheotaxis, 183, 203
rotary motor, 7, 127
bacterial, 128
rotational velocity
comparison, 126
rotlet, 144
rotlet dipole, 150, 200
run-and-tumble, 285
diffusion, 288
orientation, 287

scallop theorem, 25, 26, 184
singularities
hydrodynamic, 79
singularity
force dipole, 142
force quadrupole, 142, 150
rotlet, 142
rotlet dipole, 142
source, 142
source dipole, 142, 150
stokeslet, 49, 78, 81, 84, 139, 142, 151, 189
stresslet, 142
slender rod, 108
slender-body theory, see also resistive-force theory, 89
comparison with experiments, 94
Johnson, 90, 92

Index

Lighthill, 89, 90
Smoluchowski equation, 275
source dipole, 78, 83, 189
Sperm number, 113, 324, 335
in cilia, 113
in flagella, 113
spermatozoa, 7, 9, 29, 97, 325
bull, 106, 115
swimming, 97
spherical organism, 22
spherical squirmer, 45
spherical swimmer, 160
in a shear flow, 164
in a vortex, 163
in extensional flow, 168
in external flows, 163
in Poiseuille flow, 166
spring, 316
squirmer
comparison with experiments, 58
free-swimming, 50
generalisations, 60
rotating, 52, 54
rotational velocity, 54
spherical, 45
stealth, 54
velocity, 51
Stokes drag law, 78
Stokes equations
incompressible, 16
Stokes flow, 67, 78
boundary integral representation, 95
multipole expansion, 155
past a sphere, 77
Stokes—Einstein relationship, 276, 277
stokeslet, 49, 78, 81, 84, 139, 151, 189
near free surface, 189
near no-slip surface, 190
nonlocal, 87
regularised, 96
strain retardation, 318
strain retardation time, 318
stress
Batchelor average, 151
mechanical, 151
swimmer, 153, 301
stress relaxation, 317
stresslet, 51, 59, 143, 146, 155, 292, 301
attraction by surfaces, 193
axisymmetric, 146
comparison with experiments, 147, 148
incompressible, 156
reorientation by surfaces, 198
singularity, 149
vorticity, 295
zero-valued, 148
suspension
active, 299
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cell distribution, 309
swarming, 313
swimmer

artificial, 137

non-Newtonian fluid, 348

bottom-heavy, 183

elongated, 168, 174

phoretic, 60

spherical, 160
swimmer stress, 153, 301
swimming, 12

circular, near surfaces, 199

enhanced, 337

flows induced by, 139

force-free, 139, 146

free, 30, 100

helical, 138

hindered, 337

in external flows, 159

in linear flow, 169

inertia-less, 29

integral theorem, 20

low Reynolds number, 17

near surfaces, 186

reciprocal, 25

sphere, 45

stealth, 50

synchronisation, 242

torque-free, 146

upstream, 203
swimming efficiency, 104
swimming gait, 13, 19, 22
swimming speed

active sheet, 337

Newtonian fluid, 36, 50, 100, 124,

212,215

non-Newtonian fluid, 333, 338
symmetry-breaking, 150, 249
symplectic wave, 42
synchronisation, 226, 232

active, 260, 262, 263

cilia, 227

comparison with experiments, 234

long-wavelength, 251

metachronal wave, 239

passive, 255

phase-dependent forcing, 235, 236

physical mechanism, 233, 263, 338

swimming cells, 242

symmetry-breaking, 249

Taylor’s energy argument, 244

via flexibility, 229

work rate, 258

Index 375

taxonomy of living organisms, 3
Taylor, G.I., 6, 29
tension, 110
thrust, 19
drag-based, 71
timescale
accelaration, 17
body frequency, 17
swimming, 17
torque, 144
balance, 124
dipole, 150
gravitational, 151, 180
hydrodynamic, 145, 150
torque-free swimming, 146
travelling wave, 72
optimal, 103
two-stroke motion, 41

upper-convected derivative, 326, 350
upstream reorientation, 206
upstream swimming, 203

velocity
angular, 13
linear, 13
viscoelastic fluid, 316
linear, 315, 319
nonlinear, 325
rate of work, 322
resistive-force theory, 321
viscoelastic resistive-force theory, 320
viscoelasticity, 316
viscoplastic fluid, 348
viscous dissipation, 18
viscous drag
anisotropy, 71
Volvox, 52, 58, 220, 222

wave, 27, 31, 66
flagellar, 98
metachronal, 30
optimisation, 39
travelling, 72, 103
waving flagella
comparison with experiments, 106
waving sheet, 29, 243
Brinkman medium, 340
in Oldroyd-B fluid, 327
slipping fluid, 344
waving sheet near surfaces (long-wavelength), 213
waving sheet near surfaces (small amplitude), 208
weakly-bent filament, 80
Wiener process, 274

Young’s modulus, 109
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