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Abstract 
 
The performance improvement for a propulsion mechanism of Weis-Fogh type was attempted by using an elastic 

rubber wing. The elastic wings were made of rubber and wood with the rubber rate of 0%, 25%, and 50% in the wing 
area. The thrust and drag on the wing were measured for various velocity ratio V/U, opening angles of α=15° and 
α=30°. The average thrust coefficient and average thrust efficiency of the elastic wing were increased compared to 
those of the rigid wing, and the average drag coefficient was decreased; overall, by using elastic wing, the thrust, drag, 
and efficiency characteristics were improved. For an elastic wing with opening angle α=15° and rubber rate Rs=50% 
which relatively had the greatest performance improvement, thrust coefficient was increased by 30%, drag coefficient 
was decreased by 21%, and propulsive efficiency was increased by 17% in average compared to the rigid wing with 
Rs=0%. 
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1. Introduction 

The Weis-Fogh mechanism[1, 2], which was dis-
covered by the hovering flight of a small bee, is gath-
ering attention of many scientists who study hydrody-
namics, for the unique and efficient lift generation 
mechanism. Some scientists proposed a propulsion 
model that applied the principle of the mechanism, and 
conducted experiments on the dynamic characteristics 
and working test of a model ship, which showed that 
this propulsion mechanism worked very effectively as 
a new ship propulsion system[3, 4]. Also, some scien-
tists visualized the unsteady flow fields that were cre-
ated around the wings when the propulsion mecha-
nism was being operated[5], and verified the time 
variation of the thrust and the drag on the wing[6].  

One weakness of this propulsion mechanism is that 
while the maximum propulsive efficiency is high, the 
range of velocity ratio which generates the maximum 
propulsive efficiency is narrow. The velocity ratio 
range remains in the area under 1.0 where the thrust is 
relatively small. To put to practical use of this propul-  

 
 

 
 

(a) Flow pattern around stopping body 

 
(b) Flow pattern around swimming fish[7] 

 
Fig. 1. Comparison between flow patterns around stopping 
body and swimming fish. 
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             (a) Up stroke                        (b) Down stroke 
 
Fig. 2. A model of propulsion mechanism. 
 
sion mechanism, supplementing this weak point is 
most important. Also, to supplement this weak point, 
thrust needs to be improved in the wider range of ve-
locity ratio, and drag should be decreased. In general, 
a drag body in the uniform flow generates a Kármán 
vortex in the wake region as shown in Fig. 1(a), but a 
swimming fish generates a vortex that is in the oppo-
site direction of the Kármán vortex in the wake region, 
and it is known that the fish receives propulsive force 
by the jet created between the vortex rows[7], as 
shown in Fig. (b). By changing the rigid wing of this 
propulsion mechanism to a flexible flap in the trailing 
part to obtain the same movement as the tail of a 
swimming fish, the weak point mentioned above 
should be complemented. 

In fact, the wings of a small bee and the body of a 
fish are elastic, and there is enough possibility that an 
elastic body contributes to the improvement in thrust. 
Therefore, in this study, the trailing part of the rigid 
wing will be changed into an elastic rubber wing to 
improve the thrust, drag, and efficiency characteristics 
of the propulsion mechanism 
 
2. Experimental device and method 

2.1 Model of a propulsion mechanism  

Fig. 2 shows the model of the propulsion mecha-
nism used in this experiment. The Fig. shows the up-
per part of the model; the wing in the water channel 
oscillates up and down, and the hydrodynamic forces 
on the wing pull it to the left (the direction toward 
which the ship is progressing). This model is identical 
to the Tsutahara and Kimura[3], and therefore a brief 
synopsis would be sufficient.  

A wing is installed in a square channel. When the 
point p corresponding to the center axis of the wing 
is oscillated back and forth along the y axis, the wing  

 
 
Fig. 3. Driving unit of the wing(unit: mm). 

 
first opens at point p  from the lower surface (open-
ing stage). Then, maintaining an open angleα , the 
wing moves upward (translating stage), and finally 
rotates and closes on the upper surface (closing stage) 
through the reciprocal motion of point p . It then exe-
cutes an opening stage at the upper surface once more, 
moves downward, and repeats the closing stage at the 
lower surface.  

Originally, in the Weis-Fogh mechanism, circula-
tion in the opposite direction is formed at each wing, 
as a pair of flat-plate wings open while their trailing 
edges touch. Through the principle of mirror image, 
the combination of channel walls and a single wing 
represents the same flow.  

 
2.2 Measurement of the thrust and drag acting on 

the wing 

The experiment was conducted by making a wing 
driving system that moves the same as the wing 
movement of the propulsion mechanism in Fig. 2. It 
was installed in the circulating water channel where 
uniform flow runs, and the thrust and drag on the wing 
were calculated by measuring the strain on the wing 
shaft.  

Fig. 3 shows the schematic diagram of the driving 
unit of the wing. The main structure of the system 
was made with acrylic board and aluminum angle bar, 
and the dimensions were 500mm in length and 
650mm in width to fit into the circulating water chan-
nel. In the wing driving system, the shaft was fixed  
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Table 1. The Spring coefficients of each elastic rubber wing. 
 

The rate of rubber 
(Rs) Rs=25% Rs=50% 

Spring coefficient 
(N·m/rad) 0.5291 0.4369 

 

 
 
Fig. 4. Structure of the wing and shaft(unit: mm). 
 
onto the slider and the slider was attached to one side 
of the belt so that when the motor (DC 30W) spun 
forth or backwards, the wing would move in an oscil-
lating motion. The front and back spin of the motor 
was operated by a limit switch and a relay circuit in-
stalled at the ends of the slider rail; the velocity of the 
wing movement was controlled by adjusting the spin 
speed of the motor. The opening angle α is set up by 
attaching an angle adjustment plate on the wing shaft 
as shown in Fig. 4. The wing was inserted to the shaft 
so that when the slider moved in a translating motion, 
a momentum around the shaft worked toward the wing 
to open it, and in the closing stage, the leading edge of 
the wing collided with the side board, forcing it to 
close. The wing used in this experiment was made in 
the shape of NACA0010; as shown in Fig. 4, the fron-
tal part of the wing is made of wood, and the back part 
is made of rubber. The wing was made in 3 different 
types according to the rate of rubber to whole wing 
area(Rs), and they are Rs=0%, 25%, 50%. The rubber 
part was made with just a small amount of sulfur 
added to the raw rubber to maintain its flexibility 
when the wing moved underwater. Table 1 shows the 
spring coefficients of each elastic wing. 

The size of the wing is chord C=100mm, and its 
span 160mm. The shaft was penetrated at the point of 
0.75C from trailing edge of the wing through a hole  

 
 
Fig. 5. Schematic diagram for the measurement of fluid force. 
 
of 3mm in diameter. The shaft was made with an alu-
minum bar, 8.6mm in diameter and a stainless bar, 
3mm in diameter. The balance was made by evenly 
cutting the top of the shaft in front, back, right and left, 
as shown in Fig. 4, and by attaching 4 strain gauges, 
thrust and drag were measured by deformation of 
these gauges. That is, as shown in Fig. 5, the voltage 
waveforms from the strain gauge outputted the value 
of thrust and drag by a pre-compensated coefficient on 
a personal computer, through a bridge circuit, strain 
amplifier and A/D converter in each channel(2 chan-
nels in total). The experiment fixed each wing at the 
opening angle α with relatively high propulsive effi-
ciency, which was at 15° and 30°, and measured the 
time variation of thrust and drag by changing uniform 
flow U(U=0.049~0.349m/s) and wing movement ve-
locity V(V=0.055~0.246m/s) at regular intervals. Then 
average thrust coefficient, average drag coefficient, 
and average propulsive efficiency were yielded by 
averaging the values in one cycle. The range of Rey-
nolds number was Re=7.2×103 ~3.9×104 when wing 
chord was fixed as unit length and yielded by uniform 
flow U. 
 
2.3 Definition of the characteristic coefficients 

Each coefficient that shows the hydrodynamic char-
acteristics of this propulsion mechanism, that is, thrust 
coefficient TC and drag coefficient DC , are defined 
as follows, by wing movement velocity V. 
 

21
2

T

TC
V Sρ

=   (1) 

21
2

D

DC
V Sρ

=   (2) 

 
T represents thrust, D for drag, ρ for the density of 

the fluid, and S for the wing area below the water 
surface. As defined in Fig. 5, thrust T is the compo-
nent of force in the direction of the progress of the  
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Fig. 6. Definition of thrust and drag. 

 
ship, which is the opposite direction of uniform flow 
U. Drag D is the component of force in the opposite 
direction of the movement velocity of wing axis V. 
Also, the average propulsive efficiency of the mecha-
nism η  is the power applied to the wing, namely, 
the percentage of the net output generated from the 
wing to input, and is calculated as follows. 

 

0

0

100
C

C

T

T

T

D

C Udt

C Vdt
η = ×∫

∫
  (3) 

 
Here CT  represents the period of one cycle of 

wing movement. 
 

2.4 Calibration of thrust and drag  

The calibration of thrust and drag was executed by 
installing the propulsion mechanism from Fig. 3 inside 
an empty water channel and adding dead load in ± 
direction of thrust and drag in Fig. 6 at the point 1/2 of 
the wing span. Specifically, using the circuit in Fig. 5, 
voltage output that corresponded to each load was 
obtained by increasing 0.3N in ±0.9N range for thrust; 
drag was increased by 1N in the range of ±4.0N. With 
this data, load and voltage output relation was deduced 
by linear least squares approximation.  

Fig. 7 shows the calibration results of thrust and 
drag executed on the measuring shaft in Fig. 4. As 
illustrated in Fig. 7, the results of the calibration show 
that both thrust and drag were on a straight line, and 
the error range of root-mean square from the experi-
mental value and the linear relation value of thrust and 
drag were all under 0.01. Therefore, as in this experi-
ment, by evenly cutting the balance of the round 
measuring shaft in front, back, right and left, and at-
taching 4 strain gauges as shown in Fig. 4, each per- 

 
(a) Thrust 

 

 
(b) Drag 

 
Fig. 7. Calibration results of thrust and drag. 

 
pendicular force can be measured conveniently. 
 
3. Results and discussion 

The experiment was conducted as in the previous 
study[6], with a wing section of NACA0010 Type, 
width of water channel h=4C(C: wing chord) and the 
distance from the trailing edge of the wing to the wing 
axis fixed to rp=0.75. Also, thrust and drag acting on 
the wing was measured by changing the ratio V/U, 
which is the moving velocity of the wing axis to uni-
form flow, at opening angles of α=15°and α =30, 
where the maximum thrust efficiency is relatively 
high[3, 4]. 

Fig. 8 shows the time variations of thrust coefficient 
TC and drag coefficient DC over 2 reciprocating 

movements of the wing at opening angle α=15° and 
velocity ratio V/U=0.91. The dotted line and solid line 
in the Fig. each expresses the rate of rubber to whole 
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(a) Thrust coefficients 
 

 
 

(b) Drag coefficients 
 
Fig. 8. Time variations for thrust and drag coefficients (α=30°, 
V/U=0.93). 

 
wing area Rs=0% and 50%, respectively, and the x-
axis expresses the traveling distance of wing shaft 
normalized by the channel width; this value means the 
number of strokes. First, when looking at the change 
of thrust coefficient, the value was + through the 
whole stroke except for the opening stage, and regard-
less of the wing's reciprocating motion, thrust occurred 
toward the direction of the progress of the ship, which 
consists with the former research results[3, 4]. Also, at 
both Rs=0% and 50%, very big values could be seen 
at the early stage of each stroke. This seems to be be-
cause during the opening stage, the motion changed 
into translation stage, and the opening angle suddenly 
became stabilized, which instantly applied unsteady 
force to the wing. Also, in one stroke, the large fluc-
tuations of thrust were due to the surface wave and 
vortex shedding occurring from the movement of the 
wing. When comparing Rs=0% and 50%, in one 
stroke, the elastic wing with Rs=50% always had lar-
ger value than the rigid wing with Rs=0%; this shows 
that the elastic wing contributed to the im provement 
in thrust. However, through the whole stroke, the 
overall dynamic characteristics showed a similar ten- 

  
(a) Thrust coefficients 

 

  
(b) Drag coefficients 

 
Fig. 9. Time variations for thrust and drag coefficients (α=30°, 
V/U=0.93). 
 

 
(a) Average thrust coefficients 

 

 
(b) Average drag coefficients 

 
Fig. 10. Average thrust and drag coefficients with velocity 
ratio (α=15°). 
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dency for both. Next, in the change of drag coefficient 
DC by time, in each stroke, the value was reversed 

with x-axis; this is because each stroke of the wing 
movement was in the opposite direction. As well as 
the thrust coefficient, the drag coefficient also shows 
big values at the beginning of a stroke in Rs=0% and 
50%, and this is because of the inertia from wing re-
versal, like thrust coefficient. Comparing Rs=0% and 
50%, in a stroke, The elastic wing always has a 
smaller value of drag coefficient than a flat-plate 
wing; the reason for this will be explained thoroughly 
in Fig. 10. 

Fig. 9 shows the time variations of thrust coeffi-
cient TC and drag coefficient DC over 4 strokes of 
the wing at opening angle α=30° and velocity ratio 
V/U=0.93. When looking at the change of thrust coef-
ficient, just as in Fig. 8(a), the value was + through 
the whole stroke except for the opening stage, and 
regardless of the wing's reciprocating motion, in one 
stroke, elastic wing with Rs=50% always had a larger 
value than the rigid wing with Rs=0%. The change of 
drag coefficient also was the same as Fig. 8(b); the 
drag coefficient showed big values at the beginning of 
stroke in Rs=0% and 50%. When comparing Rs=0% 
and 50%, in one stroke, the elastic wing always had a 
smaller value in drag coefficient than the rigid wing. 
That is, regardless of the change in the opening angle, 
the thrust and drag characteristics in time variation 
showed similar tendency. TC and (b) time-averaged 
drag coefficient DC with the velocity ratio V/U at 
opening angle α=15°.Each point in Fig. 10(a), (b) 
corresponds with the time-averaged value of 1 cycle of 
time variations for thrust and drag coefficients as 
shown in Fig. 8(a), (b) in each velocity ratio, respec-
tively. First, when looking at the distribution of aver-
age thrust coefficient, the values were almost constant 
regardless of the velocity ratio. Where the rate of rub-
ber was 25% or 50%, the values did not have much 
difference; but when compared with 0%, the ones with 
rubber had a larger value than the one with no rubber 
in the overall velocity ratio. When looking at the dis-
tribution of average drag coefficient, over velocity 
ratio of 0.5, the values were almost constant, whereas 
under 0.5, they increased as velocity ratio decreased. 
This is because under the velocity ratio of 0.5, the 
maximum opening angle was smaller than 15°, which 
led to an increase in drag. When comparing by the 
ratio of rubber, the average drag coefficient also had 
similar values with 25% and 50% of rubber, but when 
compared with 0%, the ones with rubber had smaller  

 
(a) Average thrust coefficients 

 

 
(b) Average drag coefficients 

 
Fig. 11. Average thrust and drag coefficients with velocity 
ratio (α=30°). 
 
value than the one with no rubber. This is because the 
elastic rubber wing is more elastic than the rigid wing; 
therefore, when the wing moves, by water resistance, 
deformation occurs in the opposite direction of the 
progressing direction of the wing in the trailing part, 
which decreases the drag on the wing. 

Fig. 11 shows (a) time-averaged thrust coefficient 
TC and (b) time-averaged drag coefficient DC with 

the velocity ratio V/U at opening angle α=30°. First, 
when looking at the distribution of average thrust coef-
ficient, just as in Fig. 10(a), the average thrust coeffi-
cient was generally bigger with an elastic wing than a 
rigid wing, and when comparing the elastic wings, 
Rs=50% with larger rubber rate had bigger thrust coef-
ficient than Rs=15%. Also, when comparing Fig. 
10(a) and Fig. 11(a), the increasing rate of elastic 
wings was bigger in the case of smaller opening angle 
of α=15° than α=30°which had a bigger opening angle. 
When looking at the distribution of average drag coef-
ficient, just as in Fig. 10(b), the average drag coeffi-
cient was almost constant when the velocity ratio was 
over V/U=0.5. But when it was under V/U=0.5, as the 
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velocity ratio decreased, the average drag coefficient 
increased. Also, when comparing the ratio of rubber, 
as in Fig. 10(b), the average drag coefficient also had 
similar values with 25% and 50% of rubber, but when 
compared with 0%, the one with rubber had smaller 
value than the one with no rubber. For the reason of 
the outcomes, it is as explained in Fig. 10(b). On the 
other hand, when comparing Fig. 10(a),(b) and Fig. 
11(a),(b), an opening angle of α=30°had a bigger av-
erage thrust coefficient in overall velocity ratio, but the 
average drag coefficient was smaller compared to 
α=15°.  

Fig. 12 shows the average propulsive efficiency at 
opening angle (a) α=15° and (b) α=30° with the veloc-
ity ratio V/U. When looking at the distribution of av-
erage propulsive efficiency, in (a) and (b), both of the 
velocity ratios had a maximum value under 0.5, but 
where the velocity ratio was over 1.0, (b) with the 
bigger opening angle was little bit larger than (a) with 
a smaller opening angle, which is consistent with the 
earlier research[3-4]. Also, although there are some 
differences according to velocity ratio, in both (a) and 
(b), the one with elastic rubber had larger propulsive 
efficiency than the rigid wing with no rubber, and the 
values increased as the area of elastic rubber increased 
as Rs=0%, 25%, and 50%. 

Table 2 shows the average increasing rates of thrust, 
drag coefficients and propulsive efficiency for each 
elastic wing as compared with the rigid wing(Rs=0%) 
The average increasing rates in Table 2 were ob- 

tained from the values of each average coefficient in 
Figs. 10, 11, and 12. They were averaged by the over-
all velocity ratio. However, as shown in Figs. 10, 11, 
and 12, the data numbers of each coefficient were 
different with the range of velocity ratio. Therefore, to 
yield the overall average increasing rate, the velocity 
ratio was divided by 4 equal sections, and by each 
section, the average increasing rate of each coefficient 
was obtained; then they were re-averaged by the 4 
sections. In Table 2, the average thrust coefficient and 
propulsive efficiency of elastic wing were increased 
compared to those of the rigid wing, and the average 
drag coefficient was decreased. Therefore, in general, 
by using an elastic wing, the thrust, drag, and effi-
ciency characteristics were improved. Also, when 
compared by the rubber rate Rs, in both opening angle 
α=30° and α=15°, the average increasing rate of each 
coefficient was bigger with Rs=50% than Rs=25%. 
Overall, in the case of the elastic wing with opening 
angle α=15° and rubber rate Rs=50% which relatively 

 
Table 2. The average increasing rates of thrust, drag coeffi-
cients and propulsive efficiency for each elastic wing as 
compared with the rigid wing(Rs=0%). 
 

α  α=15° α=30° 

SR  Rs=25% Rs=50% Rs=25% Rs=50% 

TC∆  15% 30% 6% 11% 

DC∆  -17% -21% -14% -16% 

η∆  15% 17% 17% 19% 

 
 

          

                                                    (a) α=15°                                                                                  (b) α=30° 
 
Fig. 12. Average propulsive efficiency with velocity ratio. 
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had greatest performance improvement, the thrust 
coefficient was increased by 30%, drag coefficient 
was decreased by 21%, and propulsive efficiency was 
increased by 17% on average, compared to the rigid 
wing with Rs=0% in same condition.  
 

4. Conclusions 

This experiment was conducted in an attempt to 
enhance the performance of the propulsion mecha-
nism by changing a rigid wing into an elastic rubber 
wing in the Weis-Fogh type ship propulsion mecha-
nism. The elastic wing was made in 3 types: the rate 
of rubber to whole area was 0%, 25%, and 50%. The 
opening angle was fixed at α=15° and α=30°, and by 
changing velocity ratio V/U, thrust, drag, and propul-
sive efficiency were examined experimentally. The 
summaries of results are as follows: The average pro-
pulsive coefficient and average thrust efficiency of 
elastic wing were increased compared to those of the 
rigid wing, and the average drag coefficient was de-
creased; therefore overall, the thrust, drag, and effi-
ciency characteristics improved in using the elastic 
wing. Also, Rs=50% that had larger rubber rate had 
more improvement in the opening angle of α=30° and 
α=15°, compared to Rs=25%. In the case of the elas-
tic wing with opening angle α=15° and rubber rate 
Rs=50% which relatively had greatest performance 
improvement, thrust coefficient was increased by 
30%, drag coefficient was decreased by 21%, and 
propulsive efficiency was increased by 17% in aver-
age, compared to the rigid wing with Rs=0% in same 
condition. And, the characteristics of time variation in 
thrust and drag had same tendency in both the elastic 
wing and the rigid wing. In addition, as in this ex-
periment, by evenly cutting the balance of the round-
profile measuring shaft in front, back, right and left 
and attaching 4 strain gauges, each perpendicular 
force can easily be divided and measured. 
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Nomenclature----------------------------------------------------------- 

C   :  Chord length of wing 

TC   :  Thrust coefficient 
DC   :  Drag coefficient 
TC   :  Time-averaged thrust coefficient 
DC   :  Time-averaged drag coefficient 

D   :  Drag acting on wing 
h   :  Width of water channel 
p   :  Center axis of wing 

eR   :  Reynolds number 
pr   :  Distance from the trailing edge of wing to  

   wing axis  
SR   :  Rate of rubber area to whole wing area 

S   :  Wing area below water surface 
T   :  Thrust acting on wing 

CT   :  Period of one cycle of wing movement 
U   :  Uniform flow 
V   :  Movement velocity of wing axis 
α   :  Opening angle 

TC∆   :  Average increasing rate of  
  thrust coefficient 

DC∆   :  Average increasing rate of drag coefficient 
η   :  Average propulsive efficiency 
η∆   :  Average increasing rate of propulsive  

  efficiency 
ρ   :  Density of fluid 
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