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Preface

Tens of thousands of animals are living on this planet. They have survived for
hundreds of millions of years through adaptation and evolution and are living with
a variety of structures and functions in various circumstances in this world. Bio-
mechanics studies of animals’ swimming and flying motions can play an increas-
ingly larger role in understanding the mechanisms that enable animals to move ef-
fectively and efficiently in fluid, as well as analyzing the characteristics of their
various forms of behavior in fluid. Based on such understanding and analysis, we
can develop environment-friendly devices that simulate the natural movements
and responses of biological creatures in fluid.

This book is a collection of peer-reviewed papers originally submitted for the
Proceedings of the 3rd International Symposium on Aero Aqua Bio-Mechanisms
(ISABMEC 2006) held July 3-7, 2006, in Okinawa, Japan. ISABMEC 2006 was
organized by The Study Group of Aero Aqua Bio-Mechanisms (ABMECH) in
Japan, seeking to provide a common forum for interdisciplinary discussions be-
tween biologists and engineers on natural autonomous systems and locomotion
mechanisms, particularly swimming and flying, in animals ranging from flagellate
microorganisms to marine mammals. This book follows Bio-mechanisms of Ani-
mals in Swimming and Flying that was published by Springer in 2004 as a collec-
tion of papers originally submitted for the Proceedings of the 2nd International
Symposium on Aqua Bio-Mechanisms (ISABMEC 2003).

In 1997, ABMECH was established in Japan. The goals of the group are, first,
to understand the mechanisms that enable flying and swimming animals to move
effectively and efficiently in their environments, and second, to reveal the charac-
teristics of their structures, functions, and behaviors. Based on this information we
plan to develop novel machines and vehicles that mimic or simulate natural mo-
tions in environmentally benign ways. To encourage broad participation in these
interdisciplinary fields of basic science and applied engineering, ABMECH or-
ganized the 1st and the 2nd International Symposia on Aqua Bio-Mechanisms in
Honolulu in 2000 and 2003, respectively, and the 3rd International Symposium on
Aero Aqua Bio-Mechanisms in Okinawa in 2006. “Aqua Bio-Mechanisms” was
renamed “Aero Aqua Bio-Mechanism” in the hopes of further expanding our
group to include those studying various types of organisms and mechanical de-
vices under aerodynamic circumstances.

This book, with 31 chapters, covers the following four major topics: 1) the
biological aspects of locomotive mechanisms and behaviors of animals while
swimming and flying, ranging from microorganisms to dolphins; 2) the hydrody-
namics of swimming and flying; 3) biomimetic swimming or flying robots; and 4)
sports science.
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The first topic includes 11 chapters. Chapters 1 to 4 deal with microorganisms,
Chapters 5 to 10 with fishes, and Chapter 11 with flying insects. The book begins
with observations and numerical analysis of asymmetric swimming motion of sin-
gly flagellated bacteria near a rigid surface. Chapter 2 deals with rheological and
diffusive properties of a suspension of microorganisms both experimentally and
numerically following interactions between two swimming microorganisms.
Chapter 3 discusses dynamics modeling and real-time observation of galvanotaxis
in microorganisms. Chapter 4 describes a phototaxis-based motion control system
for Euglena by using a blue laser and galvano scanners. Motion of a huge group of
Euglena was controlled to manipulate objects. Chapter 5 focuses on passive
mechanisms of posture and trajectory control in swimming fishes, showing com-
parative studies of swimming biomechanics and hydrodynamics, based on obser-
vations of tetraodontiform fishes. Chapter 6 investigates the effect of caudal fin
behavior resulting from a caudal skeletal structure on propulsive performance,
considering the interaction between the mechanical properties on the caudal fin
and the hydrodynamic forces acting on the caudal fin. Chapter 7 describes the
analysis of artificial tail flukes for a bottlenose dolphin that lost most or part of its
tail flukes by disease, and the field tests that showed the dolphin was able to swim
as before with the help of the artificial tail flukes. Chapter 8 investigates drag re-
duction of an angled wavy silicon-rubber in turbulent flow by experiments show-
ing the time-averaged wall shear stress is lower than that in the case of the flat
plate. Chapter 9 reviews the neuronal activities of the nucleus of the medial longi-
tudinal fasciculus (Nflm) during swimming, the connections between Nflm neu-
rons and neurons in spinal CPGs, and the cytoarchitecture of Nflm neurons, in-
cluding their shapes, numbers, and distributions. It also attempts to identify the
cerebellar efferent neurons and their transmitters and relationships with Purkinje
cells using retrograde labeling and immunohistochemical techniques. Chapter 10
analyzes the biosonar of porpoises by a miniature stereo acoustic data logger and
demonstrates that these animals inspect the area ahead of them before swimming
silently into it. Chapter 11 investigates the microstructure of honeybees to clarify
the indirect flight mechanism from the viewpoint of the resonance model.

The second topic deals with hydrodynamics of swimming and flying, includ-
ing three chapters on fishes and three on insects. Chapter 12 reviews some typical
work, including measurement on kinematics of free-swimming fish and prediction
of dynamics acting on an arbitrarily deformable body, numerical and experimental
simulations of flow over flapping and traveling wavy bodies, and theoretical mod-
eling and analysis on flow around a waving plate and a flapping plate. Chapter 13
deals with optimization of fish shape and swim mode in fully resolved
two-dimensional (2-D) flow fields around the moving 2-D fish swimming by un-
dulatory motion propagating from head to tail tip by genetic algorithm facilitated
by an efficient prediction method of target functions. Chapter 14 presents a com-
putational framework for the modeling, simulation, and evolutionary optimization
of anguilliform swimmers. The hydrodynamics of anguilliform swimming was
investigated by solving the 3-D Navier-Stokes equations of incompressible flow
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past a self-propelled body. An inverse design procedure was employed in order to
identify optimal swimming behavior. Chapter 15 deals with Reynolds number de-
pendence of unsteady aerodynamics in a flapping-flying insect by using a
multi-block- and overset-grid-based CFD solver with special emphasis on the
structure of leading-edge vortex and spanwise flow. Chapter 16 investigates the
stabilization of flapping-of-wings flight of a butterfly through derivation of a dy-
namics model and simulator construction, experimental measurement of butterfly
motions and aerodynamic forces, and discussions for the stable flapping-of-wings
flight through simulations. Chapter 17 describes computational investigations on
the unsteady aerodynamic performance of a swimming tuna with an oscillating
caudal fin, the flapping flight of the fruit fly and a pectoral fin swimmer, the bird
wrasse, to incorporate those into the design of unmanned underwater and un-
manned air vehicles.

The third topic deals with biomimetic swimming robots and flying ones, and
includes seven chapters on biomimetic swimming robots and two on biomimetic
flying robots. Chapter 18 describes the design and kinematic simulations of a vir-
tual fishlike robot actuated by a fish’s superficial red muscle model. The physical
and kinematic parameters of the specimen of Chinese sturgeon were examined to
design the virtual fishlike robot. Chapter 19 shows the investigation of the propul-
sion mechanism of a fish both by computational fluid dynamics analysis and
measurement of flow field by particle image velocimetry, and the development of
fish robots powered by polymer electrolyte fuel cells (PEFCs) with the help of a
genetic algorithm for better swimming performance. Chapter 20 describes the de-
sign for control of a biomimetic robot fish equipped with a caudal fin with one
degree of freedom (DOF) as a main propulsor, a pair of pectoral fins with one
DOF for each for auxiliary locomotion, and an artificial swim bladder for ascend-
ing and descending. Chapter 21 describes the development of a propulsion
mechanism in fluid using a fin with a variable-bending-stiffness fin for which
stiffness can be changed dynamically, and the thrust force characteristics. Chapter
22 deals with development of two types of elastic pectoral fins for biomimetic
underwater vehicles, and the numerical and experimental analyses of those dy-
namic behaviors in air by FEM and in water, respectively. One is composed of
silicone with three built-in FMAs (flexible micro actuators) and is actively con-
trolled. The other is composed of silicone rubber with grooves and is passively
controlled. Chapter 23 describes the design, construction, and testing of a biomi-
metic pectoral fin with actively controlled curvature for underwater vehicles. It
also describes the design and development of a vehicle that incorporates the fins
using computational fluid dynamics and the design of a control system for vertical
plane motion. Chapter 24 deals with electronic nervous systems composed of
analog and computed neurons and synapses for biomimetic robots based on
neurobiological model systems, the lobster and the lamprey, instead of finite state
systems based on the organizational principles of the animal model nervous sys-
tems. Chapters 25 and 26 deal with biomimetic flying robots. Chapter 25 describes
the development of a micro wind energy converter using insect wings with com-
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parison of the performance using artificial wings. Chapter 26 describes the devel-
opment and flight of an insect-size clapping micro air vehicle (MAV), making use
of the “Weis-Fogh clap and fling mechanism” that increases the efficiencies for
generating the axial thrust and the lift of MAV.

The book moves on to the final topic to discuss the locomotive mechanisms in
sports, with five chapters. Chapter 27 describes applications of a vortex element
method providing a Lagrangian simulation of unsteady and vertical flows around a
100-m runner and a ski jumper. Chapter 28 shows computational fluid dynamics
simulation of the rowing motion of a single scull comparing with in-situ experi-
ments. Chapter 29 analyzes breast, back, and butterfly strokes using a swimming
human simulation model from the viewpoint of propulsive efficiency. Chapter 30
experimentally investigates the effect of the palm of a hand on the characteristics
of lift and drag forces in freestyle swimming. The results show that the character-
istics of hand palms in swimming are similar to those of delta wings. The last
chapter describes the development of a measurement system of flexural vibration
of a ski jumper in flight, and the measurement of the vibration that is not subject
to fluid dynamics simulation using rigid bodies.

We hope that this book will promote exchanges of ideas between biologists
and engineers for further collaboration on natural autonomous systems and loco-
motion mechanisms of animals used in swimming and flying.

Naomi Kato
Shinji Kamimura
May 2007
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Part 1

Biological Aspects of Locomotive Mechanisms
and Behaviors of Animals

While Swimming and Flying






Chapter 1

Asymmetric Swimming Motion of Singly
Flagellated Bacteria near a Rigid Surface

Tomonobu Goto', Seishi Kudo?, and Yukio Magariyama3

'Department of Applied Mathematics and Physics, Faculty of Engineering,
Tottori University, Koyama, Tottori 680-8552, Japan

2Department of Robotics and Bio-mechatronics, Faculty of Engineering, Toin
University of Yokohama, Yokohama 225-8502, Japan

*Food Engineering Division, National Food Research Institute, Tsukuba 305-
8642, Japan

Summary. This paper gives an overview of consecutive studies on the asym-
metrical motion of Vibrio alginolyticus cells, which possess a single polar fla-
gellum. Inertial forces are negligible because of the cell size and the motion is
expected to be symmetrical. However, asymmetrical characteristics between
forward and backward motions were observed. The asymmetry observed in
trajectory, swimming speed, and residence time appears only when a cell
swims close to a surface. In backward motion, a cell traces circular path,
while in forward motion the cell moves in a straight line. The backward
swimming speed is faster than the forward speed. Backward swimming cells
tend to stay close to a surface longer than forward swimming cells do. An ex-
planation for these asymmetrical characteristics is given based on the results
of boundary element analyses of creeping flow around a cell model that con-
sists of a cell body and a rotating flagellum. According to the explanation, the
attitude of a cell relative to a surface produces the asymmetry. The studies
presented here indicate that the fluid-dynamic interaction between bacterial
cells and a surface produces the unexpected asymmetrical motion. This
asymmetry may help cells search for preferable states on a surface or to attach
to the surface.

Key words. Bacterial motion, Swimming speed, Trajectory, Asymmetry,
Fluid-dynamic interaction, Boundary element analysis, Creeping flow

1 Introduction

Most bacteria possess the ability to swim in order to seek suitable circum-
stances for reproduction and to evade adversarial conditions. Bacterial cells
are so small (on the order of 1 um) that it might be assumed that the swim-



ming motion of these cells is insignificant compared to the motion caused by
the surrounding convective flow. Nevertheless, most bacteria possess organs
for locomotion called flagella. Many other eukaryotic microorganisms also
have locomotion organelles, e.g. cilia, flagella. This suggests that the ability
to swim is essential, even for the microorganisms, because swimming ability
was selected and developed over a long evolutionary process.

Figure 1 illustrates a schematic bacterial cell, which consists of two no-
ticeable elements. The cell body is a capsule that contains genetic information
and the chemical systems for reproduction, adaptation, locomotion, sensing,
etc. The cell body is the core of the small creature. The other element is the
flagellar filament, which is a helical thin filament made of protein. Unlike the
flagella of eukaryotic cells that contain microtubules and bend by themselves,
the flagella of bacterial cells do not deform actively. Instead, each filament is
driven by a rotary motor (flagellar motor) embedded in the cell body. The ro-
tation of the helical flagellum produces a helical wave within the neighboring
fluid that exerts a reaction force on the filament in the direction opposite to the
wave motion. Thus, the cell is propelled by the reaction force due to the rota-
tion of the flagellum.

A flagellar motor can drive a flagellar filament in either a clockwise (CW)
or counterclockwise (CCW) direction. Some bacterial cells such as Vibrio
alginolyticus, which this paper specifically addresses, possess a single left-
handed helix flagellum. When the motor rotates CCW, as seen from the distal
end of the flagellum, the helical wave propagates from the proximal end to the
distal end. As a result, the cell swims with the cell body preceding the flagel-
lum, hereafter called “forward” motion. When the motor rotates CW, the cell
swims in an orientation in which the flagellum pulls the cell body, which is
hereafter called “backward” motion. Some bacterial cells like Salmonella ty-
phimurium and Escherichia coli possess several flagella. Their motion differs
from the singly flagellated bacterial cells and is usually referred to as “run”
and “tumble.” When the motors rotate CCW, the filaments form a helical-
shaped bundle and the cell swims forward. However, these bacteria are inca-
pable of backward motion. When the motors switch their rotational direction
from CCW to CW, the inverted torque induces polymorphic transformations of
the filaments, which result in the dissociation of the bundle. During the proc-
ess, the cell changes its orientation due to fluid forces exerted on each fila-
ment. When the motors rotate CCW again, the cell swims in a different direc-
tion.

D/W‘\/
Cell body Flagallum

< Forward Fig. 1. Schematic drawing of a bacterial cell.
Backward —p»



The size of a bacterial cell is so small that its swimming motion is gov-
erned by viscous forces rather than inertial forces. The Reynolds number, the
ratio of the inertial forces to the viscous forces, is estimated to be 10°. If the
motor of a singly flagellated bacterial cell changes its rotational direction from
CCW to CW, the cell instantaneously switches its swimming direction. Fur-
thermore, the forward and backward swimming is expected to be symmetrical.
In a highly viscous fluid, the flow is reversible; the direction of flow cannot be
distinguished by only observing the stream lines. If an object moves in one di-
rection and is then moved back along the same path in the opposite direction
to the previous starting position, the total momentum imparted to the
neighboring fluid will be zero and the object will not gain any net momentum.
The actively bending flagella of eukaryotic cells change their shapes between
effective strokes and recovery strokes to generate a net momentum. By con-
trast, the filament of a singly flagellated bacterial cell does not change its
shape between forward and backward motions. Therefore, the cell is expected
to follow the same path as long as there are no disturbances like Brownian
motion.

Despite this assumption, previous experimental works have revealed that
there are asymmetrical characteristics between forward and backward motions
of singly flagellated bacterial cells (Magariyama et al. 2001, Kudo et al. 2005,
Magariyama et al. 2005). These differing characteristics have been observed
in swimming speed and trajectory. However, the asymmetrical motion ap-
pears only when the bacterial cell swims close to a surface. In the following
sections of this paper, the experimental results will be described, and an ex-
planation based on fluid dynamics for the cause of this peculiar motion near a
surface will be detailed.

2 Observed asymmetric trajectory

The motion of singly flagellated Vibrio alginolyticus bacterial cells was ob-
served (Kudo et al. 2005). Figure 2 shows a dark-field microscope image of a
cell. The flagellum is attached to one end (pole) of the cell body. The motions
of three strains of V. alginolyticus were compared. Wild type YM4 cells swim
forward and backward according to the rotational direction of the flagellum.

Fig. 2. Dark-field microscope image of
a V. alginolyticus cell.




YM42 cells almost always swim forward, and NMB102 cells almost always
swim backward (Table 1).

A drop of each cell suspension was sealed between a glass slide and a
cover slip, the distance between which is estimated to be about 7 pm. The
samples were observed with a high-intensity dark-field microscope, enabling
the flagellum to be observed.

Figure 3(a) shows a typical example of swimming traces for a YM4 cell.
Initially, the cell moves clockwise (the lower part of the trace) and travels
straight in the eleven o’clock direction, then turns counterclockwise. Figure
3(b) is the same trace with a time interval of 0.1 s. In this figure, it is apparent
whether the cell swims forward or backward since the flagellum is clearly

Table 1. Bacterial strains used in this study.

Strain Phenotype

YM4 Wild type

YM42 Forward swimming
NMB102 Backward swimming

(b) (d) (f)

Fig. 3. Typical examples of swimming traces of V. alginolyticus cells observed with a
dark-field microscope. Trace of a wild type cell is shown (a) continuously for 1.2 s
and (b) at 0.1 s intervals. Trace of a smooth-swimming mutant cell is shown (c¢) con-
tinuously for 0.6 s and (d) at 0.1 s intervals. Trace of an inverse smooth-swimming
mutant cell is shown (e) continuously for 0.7 s and (f) at 0.1 s intervals. The arrows
indicate the swimming direction. From Kudo et al. (2005) with permission.



shown. During the first and last circular motions, the flagellum precedes the
cell body; hence, the cell moves backward. In straight motion, on the other
hand, the cell swims forward. Figures 3(c) and (d) are the swimming traces of
a YM42 cell, and Figs. 3(e) and (f) are for a NMB102 cell. The differences in
trajectory between forward and backward motions are plainly demonstrated: a
forward swimming cell moves straight and a backward swimming cell moves
circularly.

As mentioned above, the thickness of the liquid layer in this experiment
was about 7 um. Because the size of the cell was around 1 pm, which is com-
parable to its thickness, the cells were likely to be affected by the glass sur-
faces. The influence of a surface on cell motion was investigated by compar-
ing the trajectories of cells swimming near a glass slide with the trajectories of
cells swimming at a distance from a surface. In order to do so, a simple
chamber was made. Spacers were inserted between the glass slide and the
cover slip so as to make the distance between them about 170 um. High-
intensity dark-field microscopy cannot be applied to this thick sample, so in-
verted phase-contrast microscopy was used for observation.

(a) (b) (c)
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Fig. 4. Typical examples of swimming traces of V. alginolyticus cells observed with
an inverted phase-contrast microscope. (a)-(c) Wild type cells. (d)-(f) Smooth-
swimming mutant cells. (g)-(i) Inverse smooth-swimming mutant cells. (a), (d) and
(g) Cells swimming near slide glasses. (b), (€) and (h) Cells swimming several tens of
micrometers from glass surfaces. (c), (f) and (i) Cells swimming near cover glasses.
The arrows indicate the swimming direction. From Kudo et al. (2005) with permis-
sion.




Typical examples of the trajectories for YM4 cells are shown in Figs. 4(a)-
(c). The trajectory contains circular motion and straight lines when the cells
swim close to a top or bottom boundary, as shown in Figs. 4(a) and (c), while
the trajectory is a series of straight lines when the cell swims at a distance
from both of the glass surfaces, as shown in Fig. 4(b). Figures 4(d)-(f) indi-
cate that YM42 cells always move in straight lines regardless of their distance
from the surfaces. The NMB102 cells draw circular traces when the cells
swim close to a surface, as depicted in Figs. 4(g) and (i). When there is not
surface influence, the cells move in straight lines (Fig. 4(h)).

These results suggest that asymmetric trajectory appears only when the
cell swims close to a surface. A forward swimming cell moves in straight
lines, while a backward swimming cell curves.

Circular motions have also been reported on bacterial cells with several
flagella. Berg and Turner (1990) described the circular motion of E. coli cells.
The three-dimensional tracking of the bacterial cells showed that circular mo-
tion appears when the cells swim very close to a surface (Frymier et al. 1995).
DiLuzi et al. (2005) demonstrated sorting of cells using branched narrow pas-
sages. The motion of bacterial cells with several flagella is referred to as
“run” and “tumble”, or in other words, “forward” and “change directions.”
The asymmetrical characteristics between forward and backward motions are
unique to bacterial cells with a single flagellum.

3 Difference in swimming speed and residence time

3.1 Swimming speed

The difference in forward and backward swimming speed of V. alginolyticus
cells was previously found (Magariyama et al. 2001). The swimming speed of
YM4 cells was measured by a high-intensity dark-field microscopy.

Figures 5(a) and (b) are histograms of the forward and backward swim-
ming speeds, respectively. It is evident from the figures that the backward
swimming speed is faster than the forward swimming speed.
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Fig. 5. Swimming characteristics of a V. alginolyticus strain, YM4. There were 150
measurements. (a) Histogram of forwa