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Introduction

Although most ray-finned fishes use their bodies 
or pectoral fins as primary propulsion mechanism, 
there are numerous fishes propelled by undulating a 
thin low aspect ratio membrane. This elongated fin is 
composed of many flexible bonny-rays interconnected 
by an elastic membrane. The location of the 
undulating fin can be found in the dorsal side, ventral 
side or both dorsal and ventral sides of the fish. This 
propulsion method is of particular interest because it 
is highly efficient at low speeds [1], and it is use as a 
model for highly maneuverable underwater vehicles 
[2, 3, 20]. Depending on the location of the fin(s), the 
swimming style is classified as gymnotiform (ventral 
fin), amiiform (dorsal fin) or ballistiform (dorsal and 
ventral fins). In series of studie Lighthill and Blake [4] 
and Lighthill [5–7] investigated the thrust generation 
of an undulating fin attached to rigid body. Based on 
a theoretical model, they found that an undulating 
fin with a body was able to generate more thrust than 
an undulating fin without body, referring to this 
effect as momentum enhancement. This momentum 

enhancement could be as much as three to four times 
for the fin-body aspect ratio found in nature. This 
effect has broader implications to understand the 
convergent evolution of the body-fin design found in 
this type of swimming mechanism. Moreover, it could 
guide the design and development of underwater 
vessels using undulating fins for propulsion and 
maneuver controls [2, 20]. Unfortunately, there has 
been not direct experimental work validating these 
results.

Ribbon-fin based propulsion has independently 
evolved multiple times during geological periods 
and in very different environments including deep-
sea (oarfish), shallow waters in coral reefs (seahorses 
and triggerfish) as well as rivers and lakes (e.g. knife-
fishes, bowfin, mooneyes) [8, 9], as seen in figure 1. 
The convergent evolution of this type of propul-
sion mechanism also spans a wide range of length 
that scales from a few centimeters (glass knifefish) to 
tens of meters (giant oarfish, Regalecus glesne). It has 
been suggested that this propulsion mechanism is an  
evo lutionary adaption to swim with high efficiency at 
low speeds [10] and that this swimming mode exhibits 
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Abstract
Many fish generate thrust by undulating one or multiple elongated fins while keeping their body 
straight. This propulsion mechanism has stimulated interest in both biology and bio-inspired marine 
propulsion because its maneuverability and efficiency at low speed. Analytical studies have found that 
a fin attached to a rigid flat body can produce substantially higher thrust compared to a fin without a 
body, three- to four-fold for natural swimmers. However, this momentum enhancement has not been 
confirmed experimentally. In this work, a robotic ribbon fin model with an adjustable-height body 
was used to test the momentum enhancement for gymontiform swimmers where the undulating fin 
runs along the ventral side of the body. In a series of experiments, the force generated by the robotic 
device was measured as the body height of the robot, the undulating fin frequency and the flow 
speed were changed. It was found that the thrust generated by the ribbon fin is not affected by the 
presence of a body, thereby resulting in no momentum enhancement due to the fin-body interaction. 
These results suggest that if there is a benefit at a specific fin-body height ratio of the fishes, the 
momentum enhancement is not the reason. This result has broader implications in understanding the 
evolutionary adaption of undulatory fin propulsion and underwater vehicles designs.
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a convergent evolution of optimal mechanical loco-
motion [11]. In addition, this swimming mode can 
lead to impressive locomotor capabilities as observed 
in the maneuvers of knifefishes [12].

Lighthill and Blake pioneered the research of 
ribbon-fin based locomotion with a wide range of 
studies for electric eels, knifefish, and triggerfish. In 
1971, Lighthill developed the elongated-body theory 
of fish locomotion. Blake [10] studied the locomo-
tion of gymnotiform swimmers and reported that the 
drag coefficient of electric eels and knifefishes exceed 
the theoretical rigid body values. In that work, Blake 
suggested that the presence of an almost rigid body 
on top (or bottom) of the undulating fin could pro-
vide an additional added mass to the fin (i.e. reaction 
force to accelerate the fluid around the fin) compared 
to an isolated fin. Following those studies, Lighthill 
and Blake [4, 6] investigated the question of whether 
there is a propulsive advantage of a swimmer with an 
undulating fin and a rigid body (e.g. gymnotiform, 
balistiform and amiiform swimmers). They theor-
etically showed that the thrust generated by an undu-
latory ribbon fin is enhanced by the presence of a rigid 
body. This increment was defined using a momen-
tum enhancement factor, β, that is the ratio of the 
momentum generated by the fin with a rigid body to 
the momentum of a fin on it’s own (2). Since the pro-
posal of this theory, there has been limited research on 
hydrodynamic interaction between an undulating fin 
and the body attached to it. Blake and Chan [13] exam-
ined the biomechanics and fluid dynamics of puffer-

fish (Diodon holocanthus). Based on computed forces 
from particle image velocimetry, they argued that 
the momentum enhancement proposed by Lighthill 
and Blake is verified. However, real fish experiments 
are extremely challenging or arguably inadequate to 
provide a direct proof for momentum enhancement 
because thrust measurement with and without body 
cannot be obtained and neither the body or fin height 
can be systematically changed. Also, the estimation of 
forces from a planar flow measurement has some clear 
limitations as the flow are highly three dimensional. 
Numerical simulations [14, 15] mimicking ribbon 
fin propulsion found no momentum enhancement. 
To experimentally examine the momentum enhance-
ment in gymnotiform swimmers a robotic undulating 
fin model with an adjustable-height body was devel-
oped and tested.

Figure 2(A) depicts the momentum enhancement 
factor found by Lighthill and Blake [4], as a function of 
the ratio between the body height s, and the height of 
the body plus the fin l. Although the nature of this type 
of propulsion is highly three dimensional, they consid-
ered a 2D swimmer composed of a thin plate and an 
oscillating fin. The s/l ratio for most fishes using this 
propulsion mechanism lies in the range from 0.6 to 0.8, 
giving a significant momentum enhancement factor 
between three to four. Lighthill and Blake acknowl-
edged some clear flaws in their results: (1) as s/l tends 
to zero (i.e. no body but fin), the momentum enhance-
ment does not approach one, and (2) as s/l tends to 
infinity (i.e. very large body compared to the fin), β 

Figure 1. Representative fishes of undulating ribbon-fin based propulsion in context to ray-finned phylogeny and time of 
diversification. These fishes undulate an elongated dorsal and/or ventral fin (shown in dark) to swim. This type of propulsion has 
evolved multiple times at different geological periods for both fresh and seawater. Fish schematics are not shown to scale. Adapted 
with permission from [9] and [8] John Wiley & Sons. © 2013 Wiley Periodicals, Inc.
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goes to infinity. For these reasons it is important that 
the theory is tested experimentally.

To measure the momentum enhancement, a thin-
body swimmer was considered with the body height s, 
that can be varied, and a fin with constant height, hfin. 
The key parameters of the fin kinematics are given by 
the fin angular deflection θ, wavelength λ and angu-
lar frequency ω = 2πf  where f  is the frequency (figure 
2(B)). The x-axis is along the longitudinal direction of 
the fin.

Material and methods

Experimental apparatus
Testing momentum enhancement experimentally 
is challenging due to the requirement of power 
transmission with ‘no-body’. As a compromise, we 
developed a robotic fin model with long shrouds that 

housed the shafts for power transmission to the rays. 
A schematic of the robotic fin model and experimental 
setup is depicted in figure 3(A). The robotic device 
consists of a lower carriage with a wet-section and an 
upper carriage with the electronic components. The 
wet section includes a 3D-printed structure, five body 
plates of different heights and twelve fin rays (Delrin 
actural resin) interconnected with an elastic Lycra 
membrane of 23 cm long (Lfin  =  23 cm) and 5 cm high 
(hfin  =  5 cm). The selection of the material fin rays and 
fin aspect ratio was based on previous experimental 
work [16]. The spacing distance between two proximal 
rays is 2.1 cm. For the kinematics, a sinusoidal traveling 
wave was considered with a wavelength equal to the 
fin length (λ = 23 cm) and the maximum angular 
deflection was 20◦. Each ray of the fin (twelve in total) 
were actuated using a maxon motor (RE10, Maxon 
Motor AG, Sachsein, Switzerland). Each motor had 

Figure 2. Momentum enhancement. (A) Momentum enhancement factor β as a function of the ratio of body height to the height of 
body plus the fin (s/l) derived by Lighthill and Blake [4]. The shaded gray area on the graph shows the s/l ratio that is relevant to most 
fishes using this propulsion mechanism. In this region, the momentum enhancement factor can reach approximately 3–4 compared 
to a fin with no body. (B) Schematic of the swimmer under consideration: a rigid straight body with an undulating fin of constant 
height. The fin is composed of multiple rays interconnected with an elastic membrane. The main variables of the fin kinematics 
includes, θ = fin deflection, λ = wavelength, angular frequency ω = 2πf , where f  is frequency. x-axis is along the longitudinal axis 
in the direction of swimming aligned with the surge direction. Inset shows the cross-section of the body with the s, l and angular 
frequency ω .

Figure 3. Schematic of the robotic fin with adjustable body and the experimental setup to measure surge force. (A) Experimental 
setup. The robotic ribbon fin was suspended from a low-friction air bearing system that allowed precise force measurements along 
the x-axis. The fin was driven by 12 motors, one to control each ray. Different plexiglass panels were used to change the height of 
the body, s. A 1D load-cell was used to measure the resultant force along the longitudinal axis of the recirculating flume. The robot 
was tested for incoming flow speeds U∞  =  0 and 11 cm s−1. The controller sbRIO, motors and interface board were mounted on 
the air bearing above the water level. (B) Net force generated by the fin in the surge direction versus time for different undulating 
frequencies with s/l  =  0 and U∞ = 0. (C) Mean net force generated by the fin, Fnet fin, as a function of undulating frequency for 
s/l  =  0 and U∞ = 0. Vertical lines show the standard deviations of the force.
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a 64:1 gear reducer and a 2-channel encoder with 16 
counts per revolution. The motors were controlled 
using a Single-Board Rio (National Instruments). We 
used a drive shaft enclosed in a shroud to transmit the 
power from the motor to the rays. The 9-mm-diameter 
shrouds were 3D printed to provide structural support 
for the body and fin and avoid the unwanted fluid 
motion from the shaft rotation. 90-degree bevel gears 
were used to re-direct the rotational motion of the 
shafts in the correct orientation, as illustrated in the 
inset of figure 3(A).

Experimental setup
Experiments were conducted in a closed-loop 
circulating water flume with a test section of 0.25 m 
wide, 0.25 m deep, and 2 m long. The water level in 
the tests was kept at 0.24 m. The robotic model was 
mounted on an aluminum supporting platform 
suspended from a low-friction air bearing system, 
which allowed precise force measurements. A 2-lbf 
(8.8964 N) 1D load cell (Futek, model LSB200, item 
number FSH00092) was used to measure the force 
along the longitudinal axis.

Experimental procedures
In the experiments, three independent variables were 
taken into consideration: ratio between the body 
height and the height of body plus the fin s/l, the 
actuation frequency f  and incoming flow speed U∞. 
Five experimental sets were performed by changing the 
body height (s), so that five different s/l ratios could be 
obtained, as seen in table 1. In each set, the frequency 
were varied from 1 Hz to 3 Hz in steps of 0.5 Hz, under 
two flow conditions: without flow, and with a constant 
incoming flow speed (U∞ = 11 cm s−1). U∞ = 11 
cm s−1 is approximately a swimming speed of 0.4 
body length per second (BL/s) that is in the range of 
swimming speeds of live animals [8, 17] (see table 2). 
The experimental sets without any body segments 
(s/l  =  0) were conducted first and then body plates of 
different heights were attached to measure the force at 

various frequencies under the two flow conditions.

Force measurements
The 2-lbf load cell to measure the net surge force of 
the undulating ribbon fin was connected to amplifier 
(Futek, model CSG10). One end of the load cell was 
attached to the downstream side of air-bearing with 
the robotic model and the other end was fixed to an 
unmovable structure (mechanical ground). Therefore, 

the motion of the fin model was restricted by the load 
cell. Each measurement was taken with a sampling 
frequency of 1000 Hz and lasted for 10 s after the 
initial transient period had passed (approximately 30 
s). Before each run, the calibration of the load cell was 
checked and the force measurement of the fin without 
actuation (0 Hz) were taken. To evaluate the force 
generation of the fin at different actuation parameters, 
the mean forces with time were calculated. The force 
measurement data were filtered using a six-pole 
Butterworth filter in Matlab with a cutoff frequency of 
four times the actuation frequency plus 1 Hz to capture 
other periodic forcing terms.

Force analysis
The force measured by the load cell, Fnet fin, includes 
both the net force generated by the fin plus the drag of 
the robotic body. This force can be expressed as,

Fnet surge = Fnet fin − Dbody (1)

where Fnet surge  is the net force generated by the 
undulating fin and Dbody is the drag of the body and 
the fin without actuation (frequency 0 Hz). Fnet fin 
includes the thrust generated by the undulating fin and 
the drag of the fin. Dbody was measured for the different 
body-panels at U∞ = 11 cm s−1. Note that for U∞ = 0 
cm s−1, Dbody  =  0 and Fnet surge = Fnet fin.

The performance of the fin was evaluated using the 
mean net force generated by the fin. Although using the 
thrust generate by the fin would be ideal, decoupling 
the drag and thrust of the undulating fin is not trivial. 
Bale et al [14] has provided insight in ways to separate 
drag and thrust. However, drag-thrust decomposition 
could be prone to errors due to lack of an appropriate 

Table 1. Changing variables for the experiments.

Exp. set s/l f  (Hz) U∞ (cm s−1)

1 0 0, 1, 1.5, 2, 2.5, 3 0, 11

2 0.15 0, 1, 1.5, 2, 2.5, 3 0, 11

3 0.32 0, 1, 1.5, 2, 2.5, 3 0, 11

4 0.47 0, 1, 1.5, 2, 2.5, 3 0, 11

5 0.58 0, 1, 1.5, 2, 2.5, 3 0, 11

Table 2. Kinematics and Reynolds number comparison. 
BL  =  Body length, Lfin  =  fin length, Usw  =  swimming velocity 
(for the experimental model Usw was taken as the incoming flow 
velocity), λ  =  wavelength, f = fin frequency, App = peak-peak 
wave amplitude (for A. albifron the value is based on the wave 
amplitude at the mid-length of the fin), Vwave = wave velocity, 
Reλ = λVwave/ν: Reynolds number based on wavelength and 
wave velocity, ReApp = App( fApp)/ν: Reynolds number based on 
fin height and fin tip velocity and St = fApp/Usw. For ReApp the low 
and high limits are based on the limits of the fin frequency, for A. 
albifrons App was taken as 1.56 cm. A. albifrons data is from [17] and 
A. calva data is from [8].

Variable A. albifron A. calva
Exper imental 
model

BL, cm 13 30.1 28

Lfin, cm 10 13.6 23

Usw, BL s−1 0–2.5 0.1–0.8 0.48

λ, cm 2.5–4.4 6.41 23

f , Hz 4.5–10 1.8–3.9 1–3

App/λ 0.4–0.5 0.14 0.15

Vwave , cm s−1 11.3–43.6 12.5–25 23–69

Reλ (104) 0.28–1.92 0.74–1.6 5.3–15.9

ReApp 1095–2409 145–314 1170–3509

Usw/Vwave 0.5–0.7 0.5–0.9 0.2–0.5

St 0.5–0.7 0.16–0.45 0.3–0.9

Bioinspir. Biomim. 14 (2019) 024001
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drag model to capture the realistic features of the fin-
membrane.

Fnet fino, the net force generated by the fin without 
a body attached, was used as a base to compare the net 
force generated by the fin with different body-heights. 
The experimental momentum enhancement was 
defined as βF = Fnet fin/Fnet fino.

Kinematics
Table 2 shows a comparison of various kinematics 
parameters of two fish: A. albifrons (black ghost 
knifefish) and A. calba (bowfin) and the experimental 
model parameters. The undulating kinematics of the 
experimental model were prescribed as sinusoidal 
traveling wave with a maximum deflection angle of 
20 degrees and an oscillation frequency between 1 
Hz to 3 Hz. To improve the resolution of the traveling 
wave in the robotic fin, the wavelength was fixed 
to one wavelength per fin length. Two Reynolds 
numbers were defined: (1) Reλ = λVwave/ν: based on 
wavelength, wave velocity and the kinematic viscosity 
of the fluid, ν ; and (2) Rehfin = hfin( fhf in)/ν : based 
on the fin height and tip velocity. Note that since the 
experimental model was attached to a load cell the 
freely swimming velocity, Usw, of the experimental 
model was not possible to be measured. For the 
experimental model Usw was taken as the incoming 
flow velocity. Even though the frequency range of 
the robot is in the range (for A. calba ) or below the 
range (A. albifrons), the Reynolds numbers are higher 
for the robotic device due to its larger fin height and 
wavelength. However, the Reynolds number are in the 

same or similar order of magnitude. Also note that, 
the frequency of knifefishes has been reported up to 
15 Hz [10], resulting in higher Reynolds number. In 
similar fashion, the Strouhal number considered in the 
experimental model are in the range of live animals.

Results and discussion

Five experimental configurations were considered 
using a robotic ribbon fin model with different body 
heights as shown in figure 3(A). In each set, the surge 
force was measured for a varying fin frequency, f , and 
two flow speeds U∞ = [0, 11] cm s−1. Figure 3(B) 
shows the net force generated by the fin against time 
with s/l  =  0 and U∞ = 0. Figure 3(C) shows the 
corresponding mean net force generated by the fin 
and the standard deviation of the force. Note that 
the force measured by the load cell, Fnet surge, is a 
combination of the drag of the body, Dbody and the 
mean net force generated by the fin, Fnet fin. Thus, the 
mean net force generated by the fin can be expressed as 
Fnet fin = Fnet surge + Dbody . The net force generated by 
the fin can be further divided into the thrust and drag 
of the fin. However, the separability of the thrust and 
drag of the fin is not straightforward. This issue has 
been extensively discussed by Bale et al [14].

The mean net fin force is shown as a function of 
frequency (on the left) and s/l (on the right) in fig-
ure 4. The top two panels are for the cases with no 
incoming flow and the bottom two panels for an 
incoming flow at 11 cm s−1. Different symbols repre-
sent different s/l values, and results at different fre-

Figure 4. Mean net force generated by the fin as a function of frequency (left) and s/l (right) for U∞ = 0 (top) and U∞ = 11 cm s−1 
(bottom). Symbols of different shapes represent the results of different s/l, and results of different frequencies are color-coded. Open 
and filled symbols indicate the results with U∞ = 0 and U∞ = 11 cm s−1, respectively.

Bioinspir. Biomim. 14 (2019) 024001
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quencies are color-coded. As expected, the mean net 
fin force increases with frequency for all s/l ratios. 
In addition, the standard deviation increases with 
frequency. On the right panels, we observe at lower 
frequencies (2 Hz and under), the fin with different 
s/l values generate almost the same propulsive force. 
At relatively higher frequencies (2.5 Hz and 3 Hz), 
the net force generated by the fin at different s/l only 
exhibits small variations.

To consider the effect of body height, a force 
momentum enhancement factor, βF, was defined as,

βF =
Fnet fin

Fnet fino
 (2)

where Fnet fino is the force generated by the fin without a 
body attached, and Fnet fin is the net fin force at different 
s/l with all the other actuation parameters held 
constant. This term is equivalent to the momentum 
enhancement factor presented by [4], and it provides 
a direct metric to the question posed by Lighthill and 
Blake, whether an undulating fin is able to generate 
more propulsive force when a rigid body is above or 
below the fin.

Figure 5 shows the momentum enhancement fac-
tor as a function of s/l measured and the theoretical 
curved found by Lighthill and Blake [4]. The mean 
of the measured momentum enhancement factor is 
0.97 (shown as a gray solid line) taking into account 
various s/l ratios, frequencies and the two flow speeds. 
The gray area represents the standard deviation of ±
0.1. Therefore, the data show no propulsive momen-
tum enhancement for a fin undulating in presence of a 
rigid body. This is in agreement with recent numerical 

studies of this problem by Bale et al [14] and Sprinkle 
et al [15].

The basis of Lighthill and Blake’s momentum 
enhancement factor is due to an increment in the 
added mass or reactive force experience by the fin as it 
undulates attached to a rigid body resulting in higher 
momentum transfer by the fin to the fluid. As the fin is 
locally twisted along its length, the reactive force expe-
rienced by the fin will contribute to a positive propul-
sive force. This will result in an increase of the mean 
propulsive force generated by the fin compared to a fin 
without body.

The calculation for the momentum enhancement 
developed by Lighthill and Blake was for a 2D flow, con-
sidering a cross-section of the body and the fin. As they 
acknowledge, this scenario is very unrealistic. Further-
more the momentum enhancement for their 2D case 
would be for the lateral force, making no contrib ution 
to the mean propulsive force. However, they argued 
that in reality the fin is twisted and this local twist in 
the plane of the fin will make a positive contrib ution 
to the propulsive force. Although such propulsive force 
enhancement due to the fin-body interaction has cer-
tain rationality for ribbon-fin-based propulsion, the 
experimental data show no evidence of such momen-
tum enhancement.

The discrepancy between the Lighthill and Blake’s 
theoretical prediction and the experimental results can 
be interpreted by noting that the primary mechanism 
of thrust generated by undulating ribbon fin is a lon-
gitudinal jet along the bottom edge of the fin instead 
of the cross-sectional fluid motion assumed by Lightill 
and Blake. The streamwise central jet generated by the 

Figure 5. Momentum enhancement as a function of s/l. Solid blue line: analytical momentum enhancement factor proposed 
by Lighthill and Blake. Symbols: experimental data for different s/l; red-color scale represents frequency, gray solid line: mean 
momentum enhancement for all the experimental data (0.97); gray area: standard deviation (±0.1).

Bioinspir. Biomim. 14 (2019) 024001
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ribbon fin has been verified by numerical simulations 
[18] and experimental methods using a robotic device 
[12, 19, 20]. MacIver et al [21] pointed out that the rel-
ative size of the body and the ribbon fin is such that it 
tends to optimize the cost of transport.

The propulsive force generated by the undulat-
ing fin can be collapsed to a single curve as function 
of relative velocity, Vrel, between the traveling wave 
along the fin (Vwave = fλ) and the ambient flow 
(U∞),  figure 6(A). The data show a remarkably uni-
form trend, regardless of the s/l ratio, undulating fre-
quency and incoming flow speed. Similar to previous 
work on undulating fin propulsion [3, 14, 16], this find-
ing strongly supports the conclusion that the fin force 
generation depends on the relative motion between the 
traveling wave along the fin and surrounding fluid.

A coefficient of force for the undulating fin is given 
by the ratio of the mean net force generated by the fin 
to the force related to the dynamic pressure as follows:

CF =
Fnet fin

0.5ρSencV2
rel

 (3)

where ρ  is the fluid density, Senc is the enclosed area 
swept by the tip of the fin and Vrel = fλ− U∞ is 
the relative velocity between the traveling wave 
and incoming flow. It was found that all the thrust 
coefficients generally exhibit a uniform varying 
trend that increase with relative velocity until it peaks 
around Vrel = 0.6 before it starts to decay, figure 6(B). 
Note that there are three negative data points at 1 Hz 
with incoming flow. These negative values are most 
likely because drag of the body and/or drag fo the fin 
dominates the thrust generation.

Although the results show no evidence of momen-
tum enhancement, it is important to note that similar 
to Lighhill and Blake, only the fin-body configuration 

where the longitudinal axis is parallel to the flow were 
tested. Many fishes with fin-base propulsion have a 
relative angle between the longitudinal fin axis and the 
swimming direction in part to increase propulsive force 
[19] and/or to improve sensing volume [21]. Future 
work should address the body-fin interaction at different 
relative angles with respect to the free-stream velocity.

Conclusions

Gymnotiform, amiiform and balistiform swimmers 
generate propulsive force by undulating ribbon fins 
while keeping their bodies almost rigid. The question 
of whether there is an advantage of the hydrodynamic 
interaction between the body and the undulating fin 
was theoretically investigated by Lighthill and Blake 
[4]. Their findings suggested that the thrust produced 
by an undulating ribbon fin attached to a rigid body 
is considerably higher than a single fin itself, which is 
referred as momentum enhancement. In this work, 
this momentum enhancement factor was tested for 
gymnotiform swimmers using a robotic ribbon fin 
model composed of twelve fin rays interconnected by 
an elastic membrane with an adjustable body height. 
In a series of experiments, the surge force generated by 
the fin was measured as the body height and frequency 
were changed for two different flow speeds and a 
constant fin height. The results show that the net force 
generated by the fin is not strongly affected by the 
presence of the body attached to it, thus leading to no 
momentum enhancement. This finding suggests that 
if there exists an advantage of rigid-body swimming or 
an evolutionary adaption of the specific body-fin ratio 
for undulatory-fin-based swimmers, the momentum 
enhancement due to the interaction between the body 
and the undulating fin is not the cause.

Figure 6. Mean net fin force and force coefficient. (A) Mean net fin force as a function of relative velocity, Vrel, between wave speed 
and incoming flow. (B) Force coefficient, CF, as a function of relative velocity. Symbols in different shapes represent different s/l 
values, frequency is represented by colors, no-filled symbols are for U∞ = 0 cm s−1 and filled symbols are for U∞ = 11 cm s−1.
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