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Thrust Force Characteristics of Propulsion
Mechanism Modeled on Bending Mechanism
of Eukaryotic Flagella in Water*

Shunichi KOBAYASHI**, Masaya NAKASONE**,
Kozo FURIHATA*** and Hirohisa MORIKAWA **

The application of dynamics observed in organisms is very instructive in the field
of engineering. We noted the utility of eukaryotic flagellar motion for propulsion in
water, and made an enlarged propulsion mechanism modeled on the active sliding of
microtubules in eukaryotic flagella. Active sliding between two rows of electro-
magnets on flexible beams corresponding to the active sliding of microtubules was
used. Cyclic two-dimensional bending movement and positive thrust force of the
propulsion mechanism were generated in water. We discussed the influence of the
bending frequency, the number of waves, and the sliding length on the thrust force.
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1. Introduction

Since most organisms are fairly autonomic, func-
tional and efficient, the study of machines modeled on
the motions of organisms is very significant in the
engineering field. From this point of view, we aimed
at examining the micropropulsion mechanism
modeled on aquatic microorganisms. As a guide for
the microrobot design, we proposed a micropropulsion
mechanism in water modeled on the active sliding of
microtubules of eukaryotic flagella, such as sperma-
tozoa, and conducted a computer simulation**®. This
mechanism is based on a new artificial bending propul-
sion mechanism hung in water which imitates the
“sliding” by microtubules and their “elastic deforma-
tion”. It involves a relatively simple structure and the
actuator itself provides the propulsion. A related
study was conducted by Kabei et al. who developed
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electrostatic liner actuators as artificial muscles,
which imitate the active sliding between actin and
myosin®. However, this sliding is only in a straight
direction, and active bending by elastic deformation is
not considered.

To realize the propulsion mechanism in water
modeled on the active sliding of microtubules of eu-
karyotic flagella, we are making the enlarged propul-
sion mechanism in water, which can reproduce the
microtubule sliding using electromagnets. This mech-
anism is not based on micromachines, and could
provide a new propulsion mechanism instead of the
screw propeller, in particular, for viscous fluids.
Furthermore, this mechanism could contribute the
basic technical data for the design of micromachines
in fluids for future use. We have developed the first
model of the propulsion mechanism and measured the
thrust force in water®®, However, this model could
not produce sufficient propulsion force because the
magnetic force of the electromagnet was small, and
the resulting amplitude was not sufficiently large. In
this study, we improved the electromagnet to produce
a higher magnetic force and redesigned the propulsion
mechanism. This mechanism is capable of changing
the bending frequency, the number of waves, and the
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sliding length corresponding to the amplitude. To
determine the performance of this mechanism, we
discussed the influence of these parameters on the
thrust force.

2. Bending Mechanism and Modeling

2.1 Bending mechanism of flagella®™

Figure 1 shows a typical structure of a flagellum
of sea urchin spermatozoa. The diameter of a single
flagellum is about 0.2 um. Nine outer doublet micro-
tubules and a central pair of singlet microtubules are
arranged as shown in the cross section of this figure.
Dyneins are located along the microtubules at inter-
vals of 24 nm. A dynein has the force (1 -4pN) to
move an adjacent microtubule toward the tip of the
flagellum. Regions that resist active sliding and pas-
sive bending exist in the flagella. During active slid-
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Fig. 1 Typical structure of eukaryotic flagella. The
arrows indicate the direction of planar bending
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Fig. 2 Bending mechanism of two microtubules
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ing, microtubules are bent by the configuration of the
three regions as shown in Fig. 2. Propagating waves
are generated by the movement of each region toward
the tip of the flagellum. The bending of flagellum
occurs in a plane shown in Fig. 1. If dyneins on the
right half (doublets 1 -5) of the cross section of the
axoneme, in particular, the dyneins on doublet 3, are
active, active sliding occurs between doublets 3 and 4
and simultaneously, ‘passive’ sliding occurs between
doublets 7 and 8. The bending of flagellum occurs in
the direction shown by arrow B. If dyneins on the left
half (doublets 6-9) of the cross section of the
axoneme, in particular, the dyneins on doublet 7, are
active, the sliding direction is reversed the and flagel-
lum bends toward the opposite direction (arrow A).

Confusingly, bacterial flagella share the same
name as those of eukaryotes, which are not modeled
in this study. Their function is entirely different.

2.2 Basic conditions for modeling

To make the propulsion mechanism in water by
modeling eukaryotic flagella, the following conditions
are fulfilled.

(1) The model consists of two outer microtubules
without a central pair of microtubules. This allows
the microtubules to produce forces to drive each
other, which produces bending in a 2-dimensional
plane.

(2) To generate bending, elasticity is given to the
model.

(3) Each region is generated at the base corre-
sponding to the joint of the sperm head and the
flagellum, and propagated. The basal cell, such as a
sperm head, is ignored in the modeling.

(4) The direction of sliding between two micro-
tubules changes alternately. (When the microtubules
are represented by a and b, as shown in Fig. 2, first a
pushes b, then b pushes a).

3. Propulsion Mechanism in Water

3.1 Configuration

Figure 3 shows the principle of the propulsion
mechanism in water using electromagnets to repre-
sent 2-dimensional bending by two microtubules. The
electromagnets corresponding to dyneins are attached
to two flexible beams corresponding to microtubules.
The attraction and repulsion forces between the elec-
tromagnets generate bending.

The inner structure of the propulsion mechanism
in water is shown in Fig. 4, and the photograph is
shown in Fig.5. Thirty electromagnets are arranged
on each flexible beam of vinyl chloride at uniform
intervals. The sliding length /s can be changed by
changing the distance between adjacent electromag-
nets Den, shown in Fig. 4. To ensure secure bending,
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Fig. 4 The structure of the propulsion mechanism
in water

Fig. 5 Photograph of the propulsion mechanism in water

we set the sliding length /s=Dem/2. A flexible
polytetrafluoroethylene sheet is placed between facing
electromagnets to prevent mutual interference. To
obtain a rectangular section of the mechanism, sev-
eral polytetrafluoroethylene outer cover sheets are
wound around the mechanism. Figure 6 shows the
electromagnet. The iron core is U-shaped and coils
are wound on both ends. The iron core is made from
electromagnetic soft iron. Enameled copper wire with
a diameter of 0.1 mm is used as the coil, and wound
with 1 000 turns and a resistance of 23 ohms. We used
a modified version of an iron core from the previously
used electromagnet®“ to reduce magnetic resistance.
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Fig. 7 Experimental system

The iron core of the electromagnet could be a cylindri-
cal shape but we preferred a U-shape to achieve
stable bending because no twisting occurs during
bending at repulsion. The electromagnets are painted
to avoid oxidation of the iron core.

Figure 7 shows the experimental system. Signals
are sent from a 128-channel pulse output board
(Interface Corp., PCI-2426C) on a personal computer
(EPSON Direct Corp., MT-4000) to the driver com-
posed of a relay circuit (Omron Corp., G5V-2-12V).
To generate desired bending, the behavior of each
electromagnet is calculated in advance and an excita-
tion sequence based on time is prepared as binary
data. Based on this, the signals are sequentially
output from the pulse board. One bending cycle is
divided by an appropriate time interval 4¢. Bending
frequency is controlled by changing 4f. The propul-
sion mechanism is hung with nylon string from the
inner frame. The length of the nylon string was
adjusted at each condition of the experiment to reduce
the effect of swinging. Thrust force is detected by the
load cell (NEC San-ei Instruments, T1) connected to
the inner frame by the nylon string. Initial tension is
given to the nylon string between the inner frame and
the load cell in order to prevent slackening of the
nylon string. The outer frame has guide bars to move
the inner frame only in the x direction. To reduce the
frictional force between the guide bars and the inner
frame, the polytetrafluoroethylene sheets are placed
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Table 1 Experimental conditions

Distance between adjacent electromagnets: D,,, 13 mm- 16 mm

Sliding length: /; 6.5 mm — 8.0 mm
530 mm (D, =13mm) -

620 mm (D,,, =16mm)

Total Length of propulsion mechanism: L

Width of propulsion mechanism |l 23mm ]
Height of propulsion mechanism 18 mm
Weight of propuision mechanism 470 g

Electric current on each electromagnet 1.0A

Bending frequency: f JP _0.55Hz-0.88 Hz
_Number of waves: Ny ) i 1-15

Table 2 Amplitude A of the bending wave

I;=6.5 mm I, =7.0 mm I, =7.5 mm I;=8.0 mm
(D =13 mm) | (D,, =14 mm) | (D,, =15 mm) | (D,, =16 mm)
Ny=1 40 mm 42 mm 46 mm 49 mm
Ny=1.25 35 mm 39 mm 42 mm 45 mm
u]wﬁl.S 30 mm 35 mm 38 mm 40 mm

between them.
3.2 Experimental conditions

Table 1 lists the experimental conditions. The
bending frequency f, the number of waves Nw and the
sliding length /s are changed. The total length of the
propulsion mechanism L is also changed by Den.
Table 2 lists the values of amplitude A of the bending
waves. The value of A is changed by the sliding
length /s for the number of waves Nw.

We defined the Reynolds number Re when the

propulsion mechanism is moving in water as,
= (1)

where A and L are the wavelength and the total length
of the mechanism, respectively, and v is the kinematic
viscosity of water at 20 degrees centigrade (1.0x10°°
m?/s). For example, in the case of Nw=1.25, Den=15
mm (A=320 mm and L=620 mm) and f=1.0 Hz, the
Reynolds number is 2.23 X 10° and the inertial force of
water surrounding the mechanism is dominant for
propulsion. As an example, the value of Re for sea
urchin spermatozoa is 2.52x107* (f, 4, L and v are
approx. 35 Hz, 24 um and 1.0 X107°m?/s, respective-
ly)®. The resistive force of fluid is dominant for
swimming.

4. Results and Discussion

4.1 Bending wave
Figure 8 shows the change in shape of the propul-
sion mechanism in water (center line only) for the
case of 25 divisions in one bending cycle. A wave of
A=42 mm and A=360 mm is propagated from the top
to the tail continuously. The thrust force is generated
in the x direction.
4.2 Thrust force characteristics
Figure 9 shows the variation of x-directional
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Fig. 9 Variation of x-directional thrust force for one
bending cycle

thrust force Fr for one bending cycle when the thrust
force of the propulsion mechanism becomes cyclic.
Generally, the thrust force changes twice in one bend-
ing cycle. This tendency is similar to that of a
multilink propulsion mechanism in water, and is
explained by the fact that the shapes of the mecha-
nism during the first half and the latter half of one
bending cycle are symmetrical with respect to the x-
directional centerline of the mechanism. This figure
shows the maximum thrust force at 90 and 270
degrees, and the minimum thrust force at 0 and 180
degrees. These phenomena are suggested from the
motion of the mechanism shown in Fig.8 and the
slender body theory®®: The motion of the tail is an
important factor for the thrust force in the slender
body theory. The motion around the tail consists of
swaying and yawing, similar to the motion of a fish’s
tail. The tail is on the top dead point at 0 degrees of
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Fig. 10 Relationship between the bending frequency f

and average thrust force Frave

phase and on the bottom dead point at 180 degrees of
phase. The motions in the middle of phase (around 90
and 270 degrees) generate higher thrust force caused
by the reaction force of water. The flow visualization
of water surrounding the mechanism and analysis of
thrust force are required for further analysis.

Figure 10 shows the relationship between the
bending frequency f and the average thrust force
Fiave. The average thrust force Frave increases with
an increase in f. It is suggested that the momentum
of water is increased with increasing bending wave
speed, and acts on the greater thrust force. Further-
more, Frave increases with an increase in Nw. How-
ever, in the case of Nw=L.5, the rate of increase
declines above 0.75 Hz. This is caused by decreased
amplitude due to the failure to maintain the desired
amplitude : Since the resistance of water increases
with increasing bending frequency, the sliding force of
the electromagnet and the elastic back force of the
flexible beam caused by its bending,
insufficient.

Figure 11 shows the relationship between the
bending frequency f and the thrust force difference
AF: (=Fymax— Frmn). AdF: is greater for lower f.
This can be accounted for by the driving operation of
the bending mechanism : Electromagnets are driven
by excitation at a time interval 4¢, hence, bending of
the propulsion mechanism does not show a smooth
change and is intermittent. Furthermore, the sliding
speed is constant even when the bending frequency is
changed. In the case of bending frequency, the inter-
mittence becomes large (in particular, the stoppage
time becomes large) with increasing time interval,
and as the result the thrust force difference is in-
creased.

Figure 12 shows the relationship between the
amplitude A and the average thrust force Frave. Frave

become
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increases with an increase in

A. It is suggested that

the increased thrust force causes the increased inertial
force of water due to the larger amplitude.

Figure 13 shows the re
amplitude A and the thrus
(=Fzmax— Fxmn). There are
of A on 4F.. However, it is

lationship between the
t force difference 4F:
no significant influences
thought that in the case

of greater value of A, 4F: would be greater due to the
increasing change of the inertial force of water and

the intermittence. We have

to examine the causes

from the viewpoint of fluid dynamics and improve the

experimental system in the

future. Another issue

which is required to be addressed in the future

includes an experiment for

low Reynolds number :

When a liquid with a very high kinematic viscosity

coefficient is used instead of
ber from previous computer

water, a Reynolds num-
simulations®® can be

used, and it is possible to verify the computer simula-
tion results for thrust force with the law of similarity.
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Fig. 13 Relationship between the amplitude A and the
thrust force difference 4Fx (= Frmax— Frmin)

This is also applicable to bending mechanisms in fluids
with very high viscosity : An example of the Reynolds
number of the simulation, A=32 pm, L=64 um, f=1.0
Hz, and v=1.0x10"°m?/s (the ratio wavelength:
total length, frequency and kinematic viscosity are the
same as those of the mechanism) is 2.05X107% An
example of the Reynolds number of the mechanism
mentioned in section 3.2 is 2.23 X10°. Hence, a value of
109.0 m?/s of v is required. We require an actuator
with higher output power for propulsion in this very
highly viscous fluid.

5. Conclusions

This study was conducted to realize an enlarged
propulsion mechanism in water modeled on the sliding
of microtubules of eukaryotic flagellum. We modified
the electromagnet to produce a higher magnetic force,
and enabled the choice of sliding length depending on
the distance between adjacent electromagnets and the
number of waves. We found that the average thrust
force of the propulsion mechanism increases with the
increase in the amplitude and the number of waves.
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