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Abstract

Fish median fins are extremely diverse, but their function is not yet fully understood. Various
biological studies on fish and engineering studies on flapping foils have revealed that there are

hydrodynamic interactions between fins arranged in tandem and that these interactions can lead to
improved performance by the posterior fin. This performance improvement is often driven by the
augmentation of a leading-edge vortex on the trailing fin. Past experimental studies have necessarily
simplified fish anatomy to enable more detailed engineering analyses, but such simplifications then
do not capture the complexities of an undulating fish-like body with fins attached. We present a
flexible fish-like robotic model that better represents the kinematics of swimming fishes while still
being simple enough to examine a range of morphologies and motion patterns. We then create
statistical models that predict the individual effects of each kinematic and morphological variable.

Our results demonstrate that having fins arranged in tandem on an undulating body can lead to
more steady production of thrust forces determined by the distance between the fins and their
relative motion. We find that these same variables also affect swimming speed. Specifically, when
swimming at high frequencies, self-propelled speed decreases by 12%-26% due to out of phase fin
motion. Flow visualization reveals that variation within this range is caused in part by fin—fin flow
interactions that affect leading edge vortices. Our results indicate that undulatory swimmers
should optimize both the positioning and relative motion of their median fins in order to reduce
force oscillations and improve overall performance while swimming.

1. Introduction

Fishes have experienced a great deal of morpholog-
ical evolution over their long evolutionary history,
particularly in the number, position, and shape of
their median fins [1]. This morphological evolution
is often tied to ecological function [2—6], suggest-
ing that this divergence can be adaptive. However, to
fully understand the functional effects of variation in
median fins we must first understand the individual
role of each fin and how the fins might interact hydro-
dynamically. Although the caudal fin is often recog-
nized as the major contributor to locomotor forces
during steady swimming in many species [7—13], the
dorsal and anal fins are also capable of actively flap-
ping to produce thrust in body-caudal fin swimmers
[7, 14-22]. However, the forces produced by the dor-
sal and anal fins tend to be lower than those generated

by the tail [1, 13, 15, 23, 24]. In addition to gener-
ating thrust during steady swimming, the dorsal and
anal fins aid in fast-start responses [25—27], turning
[1, 10, 11, 15, 17, 18, 27, 28], and help stabilize the
longitudinal axis of body against roll perturbations
[17, 19, 27, 29, 30].

While the median fins may each function inde-
pendently, their positioning along the body also
allows them to interact hydrodynamically and alter
each other’s function. Many studies of live fishes have
found that dorsal and anal fin wakes can interact with
the caudal fin and suggest that this could alter the
performance of the tail [1, 9, 10, 12, 13, 15-17, 19,
31, 32]. However, due to the limitations of working
with live animals, few of these studies were able to test
this hypothesis quantitatively. Instead, researchers
have turned to mechanical systems and fluid
simulations to understand fin—fin interactions and
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scope of the results. We circumvent this tradeoff by
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Figure 1. Hypothesized effect of fin phasing on instantaneous forces produced during steady swimming. When the fins move in
phase (left column), force production is synchronized between the fins leading to high peaks in thrust (force in the net direction
of motion), drag (negative thrust, when the fins are not producing thrust), and lateral force (forces perpendicular to the direction
of motion). When fins move out of phase, there is a more continuous production of force leading to lower peak-to-peak variation
through time in thrust and lateral force. Fins can move out of phase either by behavioral modification (middle column) or by an
anterior shift in the dorsal fin (right column) which alters the phase relationship.

Time

using a simple fish-like robotic system and measur-
ing the emergent kinematics of the system instead of
directly controlling them. By applying multivariate
analysis to these measured traits, we are able to esti-
mate their effects on swimming performance as if they
had been controlled independently. We then employ
flow visualization techniques to elucidate the physi-
cal mechanisms by which these variables affect swim-
ming performance. Using this approach, we ask how
fin position and relative timing of tandem median
fins affect power consumption, propulsive economy,
and the forces generated during swimming, examin-
ing both average forces as well as fluctuations in thrust
and lateral forces over time.

Based on past studies we make two sets of pre-
dictions, the first regarding fin—fin flow interactions
and the second relating to the unsteadiness of force
production during undulatory swimming. First, we
predict that flow from the dorsal and anal fin trailing
edges will interact with the caudal fin and change the
flow structure around this fin, altering the strength
and stability of leading-edge vortices on the caudal
fin. Specifically, we anticipate that the strength of the

flow interactions will be primarily determined by the
relative motion of the dorsal and anal fins with the
caudal fin (phasing), but that the optimal phasing
will change based on the inter-fin distance. In addi-
tion to altering flow interactions, several studies have
suggested that out-of-phase fin motions will allow for
more constant force production over the course of a
flapping cycle [44—46]. Accordingly, our second pre-
diction is that fins moving out of phase will cause a
reduction in the oscillation of both thrust and lat-
eral forces relative to in-phase force oscillation mag-
nitudes (figure 1). The phase-lag between the fins is
expected to be a direct result of body kinematics and
fin position. This is the first experimental study that
we are aware of to directly examine both the effects
of fin—fin interactions and flapping synchronization
between tandem fins on an undulatory body.

2. Materials and methods

We divide our variable space into three distinct types
of variables. The first type are the control parameters.
These are the variables that we directly control during
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Figure 2. Plastic foils used in our experiments are based on body proportions and fin positions of real fish. (A) Brook trout
(Salvelinus fontinalis). (B) Largemouth bass (Micropterus salmoides). (C)—(E) Experimental foils were cut from two different
stiffness plastic sheets. Two of the foils have a dorsal fin and anal fin analogue, each one being 5% of the total surface area of the
foil. (C) Foil with the dorsal and anal fins far from the caudal fin. (D) Foil with the dorsal and anal fins near the caudal fin. (E)
The control foil has a wider central body structure so that the total surface area of the foil is the same as the foils withdorsal and
anal fins. (A)—(E) Green and red outlines represent the dorsal and anal fins respectively, blue outlines represent the caudal fin. (F)
Schematic of the foil in the recirculating flow tank demonstrating the two control parameters (pitch and heave) as well as the
position of the force transducer. Scale bars on the left panels are 5 cm.

Force transducer

our experiments, and they include flapping frequency,
fin spacing, and body stiffness. The next type is the
emergent kinematics; the variables that are expected
to affect swimming performance but are not directly
controlled. These include the phase lag between the
dorsal fin and the caudal fin as well as the peak-
to-peak flapping amplitude of each fin. Finally, we
measured and calculated various energetics variables
so that we could characterize how well each model
swam. These include the foil’s self-propelled speed
(SPS), power consumption, propulsive economy, and
instantaneous oscillations in both thrust and lateral
forces.

2.1. Foil design

To examine the effect of dorsal and anal fins
on propulsion, we first designed three foils
to mimic the lateral profiles of two ray-finned
fish species that differ in their dorsal and anal
fin placement (figures 2(C)—(E), supplemental fig-

ure 1(https://stacks.iop.org/BB/16/046023/mmedia)).
These shapes correspond to a fish with anteriorly
displaced fins (figure 2(C)), posteriorly displaced fins
(figure 2(D)), or no dorsal and anal fin (control foil,
figure 2(E)). These fin positions are not meant to
exactly mimic any particular species, but rather are
meant to capture some of the diversity seen across
species. Specifically, we did not attempt to mimic
asymmetrical fin positions (figure 2(A)) because this
would reduce our ability to differentiate between
the different fin positions. We measured the surface
area of the dorsal and anal fins relative to the total
lateral projected surface area of live fish (Brook trout
Salvelinus fontinalis, Largemouth bass Micropterus
salmoides, and yellow perch Perca flavescens) as they
swam between one and two body lengths per second
(supplemental table 1). We then designed our foils
so the relative fin-size was similar to these fish, with
the dorsal fin, anal fin, and each caudal fin lobe
all having the same surface area. Although fin-size
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was the same in all the foils, the body depth of the
control foil was increased slightly to ensure that all
three foils had the same total surface area. Finally,
we used a laser cutter (Epilog Zing 24, Epilog Inc.)
to cut each shape out of plastic shim stock (Artus
Inc.). We used two different thicknesses of shim stock
in order to examine the effect of material stiffness.
Several of our previous projects have used this same
set of materials to model flexible foil propulsion
while varying stiffness [47-50]. The more flexible
material was 0.4 mm thick and had flexural modulus
o = 2.23 GPa, while the stiff material was 0.75 mm
thick with a flexural modulus o = 3.1 GPa.

2.2. Experimental setup

2.2.1. Force data collection

We collected data using a robotic system suspended
over a recirculating flow tank that is capable of mov-
ing both rigid and flexible foils in heave and pitch
and controlling the phase and frequency of heave and
pitch motions (figure 2(F)). This system has been
used extensively [47, 48, 50—52] and detailed descrip-
tions are provided in our previous publication [53].
The system drove the leading edge of each foil via
a flat rigid rod suspended in the flow tank. Forces
were measured using a six-axis force transducer (ATI
Nano-17; ATT Inc., Apex, NC USA) attached to the
rod. Trials were conducted by moving the leading edge
of foils such that the lateral position (k) and pitch («)
followed h = asin(27ft) and a = o sin(27ft — ),
where a is the heave amplitude, f is the frequency,
t is the time, ap is the maximum pitch angle, and
@ is the phase lag between heave and pitch. Dur-
ing experiments we maintained a constant ampli-
tude (a = 2 cm), maximum pitch angle (ap = 10°),
with a phase lag (¢ = 7/2) between peak heave and
peak pitch. Heave amplitude was chosen to be consis-
tent with past studies using the same robotic system
[47, 48] and pitch was chosen by testing several val-
ues and choosing the one that most resembled fish
midline kinematics. While varying frequency in incre-
ments of 0.5 Hz (0.5-3.0 Hz in the flexible foil,
0.5-2.5 Hz in the stiff foil). Stiff foils were not flapped
at 3.0 Hz because this generated forces above the load
capacity of the force transducer. Our goal was to sim-
ulate the dynamics of foils swimming at a constant
speed in an untethered environment, so we deter-
mined the flow tank speed at which the foil experi-
enced zero net thrust (SPS). This was done by mea-
suring the net thrust at five different flow speeds for
each combination of foil shape, stiffness, and flap-
ping frequency. We fit a linear regression of net thrust
vs flow speed and then found the x-intercept of the
regression line, giving the average speed at which net
thrust equals zero (i.e. self-propulsion). We repeated
this process 10 times for each frequency, stiffness, and
shape combination, removed the highest and lowest
SPS estimates, and averaged the rest of the values to
get a final SPS estimate. We used this SPS estimate as
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the flow speed in the tank for all further trials at that
parameter combination.

We then ran ten self-propelled trials at each flap-
ping frequency and stiffness for all foil shapes. During
each trial we measured positive and negative thrust
forces (parallel to the net swimming direction) for 10's
ata frequency of 1000 Hz. Forces were recorded in the
frame of reference of the pitching force transducer,
and therefore did not always correspond to the net
direction of motion. Raw data were trigonometrically
corrected for the angle of the transducer to measure
forces in the flow tank’s frame of reference. Finally,
data were smoothed with a lowpass Chebyshev fil-
ter (ripple = .5) using the R package signal (v0.7-6).
Filter frequencies were chosen manually for each stiff-
ness and frequency combination to be the lowest fil-
ter frequency that did not substantially decrease sig-
nal amplitude. The filter frequency was held constant
across the different foil shapes. A custom R script (R
v3.5.3, RStudio v1.0.153) was used to find all local
extrema and then each local minimum was subtracted
from the preceding local maximum to get the peak-
to-peak displacement (referred to as AF, and AF,;
figure 3). During data analysis, each pair of extrema
was treated as an independent data point. In addi-
tion, we calculated average power consumption over
the duration of each trial as

" dyws
Jo (“62B + T ) de
At ’
where t is time, Y},os is the heave position of the lead-
ing edge of the foil, F, is the lateral force, a is the pitch
angle, and T, is the torque experienced as a result

of pitching motion. Finally, we calculated propulsive
economy as

P=

Q = Uy /P,

where U, is the self-propelled speed [49]. Propul-
sive economy is used instead of propulsive efficiency
because our experiments are run at SPSs (F, = 0),
and therefore propulsive efficiency is 0 [49].

2.2.2. Kinematics

During each set of self-propelled trials, we recorded
one high speed video sequence from a ventral (bot-
tom) view (at 125 Hz using a Photron UX100 high-
speed camera; 1280 x 1024 pixel resolution, Photron,
Inc.). From each video we digitized foil midlines from
10—12 frames evenly spaced over one complete flap-
ping cycle using a custom MATLAB program (Math-
works Inc.). We also tracked the trailing edge of both
the anal fin and the caudal fin on the foils to measure
their flapping amplitudes and the phase shift between
them.

In order to put the phase shift values in context we
used previously-obtained videos from our research
group of different fish species swimming steadily, and
measured the phasing of their dorsal, anal, and cau-
dal fins (bonnethead shark Sphyrna tiburo, chain dog-
fish shark Scyliorhinus retifer, yellowfin tuna Thunnus
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Figure 3. Low-pass filtered thrust and lateral forces fluctuate over the course of each flapping cycle. The difference between the
peak and trough of forces in a flapping cycle (AF, and AF,) was used to represent steadiness of force production. These
representative data are taken from trials run at 2.5 Hz using foils with the ‘far’ fin configuration (figure 2(C)).

albacares, largemouth bass Micropterus salmoides, yel-
low perch Perca flavescens, and brook trout Salvelinus
fontinalis). We digitized the trailing edge of the cau-
dal fin and either the dorsal or the anal fin depend-
ing on whether the videos showed a dorsal or ventral
view. We characterised each species as having near
fins, where the base of the digitized fin was directly
adjacent to the caudal fin, or as having far fins. Since
the dorsal and anal fins of trout are in different loca-
tions along the body, we digitized both and counted
the dorsal fin as being far and the anal fin as being
near to the caudal fin.

2.2.3. Particle image velocimetry (PIV)

We moved each foil at its maximum flapping fre-
quency (3.0 Hz for flexible foils, 2.5 Hz for stiff foils)
and with the flow speed set to the SPS. Maximum flap-
ping frequencies were chosen for this experiment to
maximize differences in flow around fins and in the
resultant forces that they generate. We recorded water
flow around the foil ventrally by illuminating nearly
neutral plastic particles with two 5 W laser sheets
(Optoengine, Midvale, Utah) placed on either side of
the foil to prevent shadows. We placed the laser sheet
horizontally such that it bisected both the anal fin
and the ventral lobe of the caudal fin. All videos were

recorded at 1000 Hz (Photron UX100 high-speed
camera; 1280 x 1024 pixel resolution, Photron, Inc.),
and the videos were analyzed in DaVis software (LaVi-
sion, Inc.) to obtain velocity fields (v7.2, 2pass 32 x 32
pixel area interrogation area). We subtracted average
free-stream flow speed from each local flow velocity
vector and visualized the vorticity of the resulting flow
field. We examined flow at two time points that we
predicted would be important for thrust generation.
We first examined flow at the moment that the caudal
fin begins lateral motion after reaching an amplitude
maximum. This is when we observed the formation of
a LEV and the fin is therefore susceptible to potential
flow interactions. We also examined flow as the cau-
dal fin was half-way through a flapping cycle to see if
the LEV persisted.

In addition, to compare foil results with cau-
dal fin surface flow patterns on live fish, experi-
ments on freely-swimming bluegill sunfish (Lepomis
macrochirus) were conducted to visualize flow leav-
ing the dorsal fin and then interacting with the sur-
face of the caudal fin. This species was chosen because
they are commonly used as a model of teleost swim-
ming hydrodynamics [1, 7, 10, 11, 13, 15, 18, 24].
Bluegill sunfish (4 fish, mean total length = 21 cm)
swam in a recirculating flow tank at 1.1 Ls™!. A laser
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Flexible

Figure 4. Midline traces throughout one flapping cycle are similar between the posterior half of a brook trout (salvelinus
fontinalis) swimming at 1 L s7! and foils swimming at 2.0 Hz, although foils show reduced growth in amplitude down the body
relative to live fish. Specifically, the radius of curvature and general shape are similar between many individual time points in the
foils and the trout. Different colors represent the midline at a different time in the flapping cycle. Scale bars are 5 cm.

light sheet was placed such that it intercepted the
trailing edge of the dorsal fin, the gap between the
dorsal and caudal fins, and the surface of the caudal
fin. A Photron PCI-1024 high-speed camera captured
video (500 fps) through a dorsal view mirror. Surface
wave distortion was minimized by means of a floating
transparent boat on the water surface.

2.3. Statistical analysis

Since flapping frequency is one of the primary control
parameters that fish use to alter swimming behavior
and performance [20, 54, 55] we used linear mod-
els to understand how force oscillation (AF, and
AF,), SPS, power, and propulsive economy are each
affected by flapping frequency in our model. Each

of these energetics metrics was regressed indepen-
dently against flapping frequency with fin position
and body stiffness as categorical covariates. Since the
model estimates the effect of categorical variables
through changes to the y-intercept we did not fix this
value at zero. Fach regression was checked for het-
eroskedasticity and normality of the residuals to eval-
uate whether a linear fit of the data was appropriate.
Models explaining each energetics metric besides SPS
were heteroskedastic, so frequency was converted to
an orthogonal quadratic and the regressions were run
again. After this correction, all models had improved
R? values, low heteroskedasticity, and normally dis-
tributed residuals. We then examined the coefficient
estimates for each fin position and for the different
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Figure 5. Fish and our flexible model each display a wide range of dorsal-caudal fin phasing, with some overlap between the two
groups (shown as a gray band). A phase angle of 0° represents fins that are in phase and 180° represents fins that are out of phase.
Fish data are recorded from the anal or dorsal fin, and are representative of both chondricthyans (sharks) and actinopterygians
(ray-finned fishes). In order from left to right, the included species are the bonnethead shark (Sphyrna tiburo), chain dogfish
shark (Scyliorhinus retifer), yellowfin tuna (Thunnus albacares), largemouth bass (Micropterus salmoides), yellow perch (Perca
flavescens), and brook trout (Salvelinus fontinalis). In order from left to right, the two foil conditions are flexible and stiff, and are
the same models as those used in all other experiments. Each point represents one trial. The number of individuals of each species
ranges from 1-5 and fish are recorded swimming between 1-2 body lengths per second.

body stiffnesses to determine whether either variable
could explain broad differences between the models.
These estimates were converted to centered and stan-
dardized units for ease of comparison by subtract-
ing the mean and dividing by the standard deviation
separately in each continuous independent variable.
Although these initial models explain a majority
of the variance in our energetics metrics, there is still
variation between the different models that remains
unexplained. To understand this residual variation,
we added kinematic variables describing the exact
motion of the fins to our existing multivariate mod-
els, maintaining the non-linearity of frequency when
appropriate. Specifically, we added the peak-to-peak
amplitude of the anal fin, peak-to-peak amplitude of
the caudal fin, and the relative phasing of the two fins.
Phase angle is known to have a sinusoidal effect on
swimming performance in cases of fin—fin interac-
tions, with a sin wavelength of approximately 360°
[33]. Since the phase angles in our model had a maxi-
mum range of 22°—115°, we transformed phase angle
to an orthogonal quadratic to approximate a small
portion of the sin wave. Data from the control foil was

excluded from this analysis because the phasing and
anal fin amplitude were undefined in this model.

When constructing these models, we include an
interaction between fin position and phase angle in
addition to each variable’s independent effect. This
interaction is included to help us address the core
question of how the relative motion of the fins affects
swimming performance. Since we expect any such
effect to come from altered flow environments, we
cannot consider either fin motion parameter to act
independently of the other. Accordingly, the interac-
tion effect allows us to separately measure the effects
of fin phasing on performance in the context of the
near-fin foil and the far-fin foil.

To avoid overfitting the data, we next used a step-
wise AICc process (Aikaike information criterion cor-
rected for small sample size, presented in [56]) to
choose the smallest set of explanatory variables that
sufficiently predict a given energetics metric (SPS,
AF,, AF,, power, or propulsive economy) [57]. This
method works by comparing the base model to each
possible model with one of the explanatory variables
removed. It assigns an AICc score to each model by
rewarding high explanatory power while penalizing
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for each variable. It then takes the best model (low-
est AICc score) and repeats the process using this
model as the new base model. This effectively removes
all variables which individually add little explanatory
power to the model. Once the analysis reaches a point
where removing variables fails to improve the AICc
score, we conclude that we have found the best model.
The resultant models were then run to obtain final
parameter estimates and were visually checked for
heteroskedasticity and normality of residuals. These
estimates were converted to centered and standard-
ized units in the same manner as prior models. AICc
was chosen instead of AIC for model selection to
prevent overfitting because of our small sample size
[57].

Finally, we used the model to produce estimates
of the maximum SPS that would have been achieved
in each combination of body shape and body stiffness
if the fin phasing had been held at the optimal value
within the range observed in that model. This was
accomplished by finding the maximum SPS observed

across all trials in each foil, then recording the maxi-
mum model output when the same parameter values
are used with all possible phase angles seen in that
particular model. We then divided the true maximum
SPS by the predicted maximum SPS and subtracted
that value from one to find the percent change in swim
speed attributable to fin phasing. All analyses were
run in R (v3.5.3).

3. Results

3.1. Comparison to live fish

Our foils were actuated at the leading edge with a
pitching and heaving motion. This led to undulations
passing down the length of the foil during locomo-
tion and to the production of thrust. When compared
to the swimming midline of a brook trout swimming
at 1 body length per second (L s7!), the primary dif-
ference was in the amount of anterior motion. This
fish was chosen because it has often been used as a
representative model of steady undulatory swimming




Bioinspir. Biomim. 16 (2021) 046023

D G Matthews and G V Lauder

A © =
- A O v
Z02] === st
i —— /\ Flexible
<] 0.1

o]

z
>
L
<

points to make overlapping values apparent.

1 2
Flapping Frequency (Hz)

Figure7. The relationship between flapping frequency and the amplitude of thrust (AF,) and lateral force (AF,) oscillation
throughout a flapping cycle is significantly different between stiff and flexible foils. Without accounting for fin kinematics, fin
position does not have a significant effect on this relationship. Complete linear regression coefficients and p-values are presented
in supplemental table 2. Data were not collected at 0.5 Hz in the flexible near-fin foil. Horizontal jitter was has added to the data
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[17, 19, 58]. The head of the trout undergoes low
amplitude oscillations as it swims while our foils were
programmed to heave at the leading edge (figure 4)
and therefore had a similar undulation amplitude
throughout the body. However, if we only consider
the posterior (primarily propulsive) region of trout,
the portion of the body containing the median fins,
the midline trace is qualitatively similar to both of our
foils. Specifically, we see similar radii of curvature and
midline shapes in the experimental foils and in the
trout.

Conversely, the relative phasing of the fins on the
foils was largely dissimilar to the values seen in real
fish (figure 5). Nevertheless, we believe that the com-
parison is informative since the total range of phas-
ing values observed is similar between fish and our
model. Across several species of both cartilaginous
and bony fishes, the phasing of the trailing edge of the
dorsal or anal fin with the trailing edge of the cau-
dal fin ranged from 93°-197° when there was a gap
between the fins and 83°-170° when the fins were
directly adjacent. This variation likely comes from dif-
ferences among the species in fin position, body flex-
ibility, and behavior, particularly in species that can
actively move their dorsal fin. The fin phasing of foils
ranged from 22°-90° in foils with close fins and from
46°—115° in foils with distantly-spaced fins. Although
there is overlap between the two ranges, the fins on
our foils were generally more in phase than those in
live fish. Our inability to replicate highly out of phase

motions is likely explained by the limitations of a pas-
sively actuated body and the lack of active muscular
control of the fins.

3.2. Forces and energetics

Since we ran all final trials at SPS the net thrust force is
necessarily 0 (figure 3), and therefore is not reported.
Instead, we present the SPS values as a proxy for the
thrust force being generated. In the first set of mod-
els, those that only use control parameters as predic-
tors, we found that all energetic variables significantly
increased with frequency (table S2). Furthermore, all
these metrics except SPS were best modeled as hav-
ing a quadratic relationship with frequency (figures 6
and 7, table S2). The best model fit for SPS assumed a
linear relationship with frequency (figure 6, table S2).
We also found that stiffness was positively correlated
with each energetic metric, although the effect on SPS
was marginally significant (p = .081) and this effect
was lost in later models (tables 2 and S4). In contrast,
the shape of the foil did not have a significant effect
on any of the energetics metrics (table S2).

It is not surprising that fin position was not
broadly correlated with swimming performance given
that the effect of fin position is complex and unlikely
to be uniform across all frequencies and stiffnesses.
To parse the true effect of the fin position we added
fin kinematics to our models and conducted AICc
analyses to select the smallest set of explanatory vari-
ables that could sufficiently predict each energetics
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Table 2. Coefficient estimates for AIC selected models. All estimates are presented in standardized units and are therefore
represent the change in the dependent variable associated with a one standard deviation increase in the corresponding
independent variable. Positive and negative coefficients are represented with blue and red cells, respectively.

Dependant variable Intercept  Frequency  Frequency’ tiff)

Position (n — f)

SPS (ms™') (R =.991) 0.341 0.196 — —

Power consumption (W) (R* = .990) 0.0232 0.057 0.0359 0.0457
Propulsive economy (m ] ') (R? =.990) 0.0992 0.0716 0.0294 0.0976
AF, (N) (R =.995) 0.0411 0.068 0.0569 0.101
AF, (N) (R? = .998) 0.638 0.588 0.365 0.817

Dorsal amplitude  Caudal amplitude ) Phascangle  Phas

0.0293 0.0198 0.0778 0.129 0.0343 0.0576 0.0312
0.0149 —0.0104 — —0.0288 —0.0283 0.0475 0.0113
0.0201 —0.0191 —0.037 0.0397 —0.00836 — —

0.0288 —0.0223 —0.0299 —0.0247 —0.0465 0.0723 0.0284
0.293 —0.227 —0.321 —0.127 —0.364 0.486 0.242

*Indicates a variable with 0.05 < p < 0.1 that was kept by the model and is considered marginally significant.

metric (table S3). Each final model gives an estimate
of the effect that each predictor variable has on the
dependent variable after accounting for the effect of
the other predictor variables. Importantly, this means
that coefficient estimates of different predictors are
independent of each other and can be interpreted
individually. We present these coefficient estimates in
standardized units for ease of comparison (table 2).
Standardized coefficients should be interpreted as an
estimated change in the dependent variable for one
standard deviation change in a continuous indepen-
dent variable. Quadratic coefficients should be inter-
preted by examining the sign of the linear term and
the quadratic term. If the linear term is positive, then
itimplies a positive correlation with the response vari-
able. Conversely, a negative linear term indicated a
negative correlation with the response variable. A pos-
itive quadratic term implies that the effect is concave
up. Paired with a positive linear term, this means that
the rate of change of the response variable is positive
(positive, concave up). A negative linear term with
a positive quadratic means that the rate of change
of the response is decreasing (negative concave up).
The inverse is true for negative quadratic terms, lead-
ing to either a positive concave down (positive lin-
ear term) or a negative concave down (negative linear
term) response. These patterns would not necessar-
ily hold true if we wanted to estimate effects far from
the mean, but since we centered our variables, they are
generally correct. Finally, the interaction effect should
be interpreted only when considering the far-fin foils.
In the near fin foils, the effect of fin phasing on each
energetics metric is given by the variables ‘phase angle
and phase angle?’. To find the same predicted effect
in the far-fin foils it is necessary to add the respective
interaction effect terms to each of these independent
variables.

A complete list of model coefficients can be found
in tables 2 and S4, but for brevity we highlight some
broader trends in the results. We only present the
coefficient estimates from the statistical models with
both controlled and kinematic variables because these
have the most explanatory power. Any differences
from earlier models of swimming energetics are due
to unexplained variance in those models. It is also
important to remember that positive changes in ener-
getics variables are not always beneficial to perfor-
mance, for example an increase in power consump-
tion while maintaining the same swimming speed
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would not generally be considered beneficial. First, we
note that nearly all our independent variables signif-
icantly explained variation in each energetics metric.
Among these variables, we consistently see that fre-
quency was the independent variable with the largest
effect. We also find that the position of the dorsal and
anal fins affected nearly all energetics metrics both
directly and through an interaction with fin phas-
ing. Interestingly, the direct effect of the far fin posi-
tion was a reduction in propulsive economy and force
oscillation. Inversely, SPS was increased as a direct
result of greater fin spacing. The interaction effect
suggests that, regardless of the independent effect, the
far-fin position can lead to increased energetics val-
ues in most cases by mitigating the negative effect
that increased fin phasing has in the near-fin foil.
Although increased fin phasing causes a negative and
concave down change in nearly all energetic measure-
ments for near-fin foils, this effect becomes positive
concave down in the far-fin foil for power consump-
tion, AF,, and AF,. The effect of fin phasing on
SPS remains negative in the far-fin foil, but the rate
of decrease is much lower than in the near-fin foil.
Together, these effects suggest that when the fins are
largely synchronous the far-fin foil is less efficient but
faster than the near-fin foils. However, when the fins
are more out of phase, the far-fin foil will be both the
more efficient and faster configuration. Finally, our
model shows a counterintuitive trend that caudal fin
peak-to-peak amplitude is negatively correlated with
all energetic metrics. P values and error estimates for
all models are given in table S4.

To aid in comparison we calculated maximum
effects of variation in phase angle among each combi-
nation of fin positions and body stiffnesses (table 3).
The flexible near-fin foil displayed fin phase values
from 58°-90°, reaching a maximum SPS 0f0.53 ms ™!
Our model predicted that this change of 32° led to
a 26.2% decrease in SPS compared to the predicted
value if the phase angle had not changed. Interest-
ingly, the flexible far-foil model was predicted to have
a very similar decreases in SPS attributed to changes
in phasing, but over a much wider range of phase
angles. Specifically, the model predicted that the mea-
sured maximum SPS of 0.59 ms™! was 24.4% lower
than it would have been if phasing was held at the low
end of the 64° (51°—115°) phase range. Effects in the
stiff body foils were more modest, with the near-fin
foil’s 40° (22°-62°) phase range causing a predicted
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Table 3. Comparison between the highest measured SPS for each foil and the model predicted
maximum SPS that would be achievable if the model had active control over fin-phasing and
chose the optimal value from within the actual observed range. Predicted values are based on the

model presented in tables 2 and S4.

Phaserange ~ Measured SPS  Predicted SPS at
Fin position  Stiffness (difference) (ms™')  optimal phasing (ms™') % difference
Near-fin foil ~ Flexible 58°-90° (32°) 0.53 0.72 —26%
Stiff 22°-62° (40°) 0.59 0.67 —12%
Far-fin foil Flexible = 51°-115° (64°) 0.59 0.78 —24%
Stiff 46°-93° (47°) 0.65 0.75 —13%
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Figure 8. Flow visualization in flexible foils flapping at 3 Hz reveals a difference in the wake interacting with the caudal fin
between foils with a dorsal/anal fin and the control foil without these fins. However, there was not an obvious difference between
foils with different fin positions. Each image is taken in a plane that overlaps the anal and caudal fins (inset image, green line),
captured at the moment that the leading edge of the caudal fin begins to move laterally. Yellow arrows indicate local water flow
after subtracting the mean free stream velocity. Red and blue regions indicate the magnitude of lateral flow velocity (up and down
in the images). Plots on the right show average lateral (sideways) velocity between the dashed red lines for each point on the
vertical axis of the images. The horizontal black line on the plot shows where the leading edge of the caudal fin interacts with this
flow. Each foil is highlighted with a white line and fin position is shown in magenta. Scale bar is 3 cm.
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reduction in maximum potential SPS of 11.7% to the
measured value of 0.59 ms™!. Finally, the model esti-
mated that the maximum SPS (0.65 ms™!) in the stiff
far-fin foil was 13.0% lower than it would have been
if fin phasing remained at the bottom of the 47° range
(46°—93°).

3.3. Flow visualization
Our energetics models showed that fin position
interacted with fin phasing to change swimming

performance. To understand the mechanisms behind
this effect we used flow visualization with particle
image velocimetry (PIV) to understand how fluid
flow around the fins differs based on these parame-
ters. When the caudal fin is first starting lateral motion
there are differences among foils in the flow structure
at the leading edge of the fins. In the flexible foil at
3.0 Hz the flow pattern was different between the con-
trol foil and the foils with fins. Specifically, when fins
are present, there is stronger lateral (side-to-side) flow
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Figure 9. Flow visualization in stiff foils flapping at 2.5 Hz reveals a difference in wake interaction with the caudal fin in all foils.
Notably, in foils with a dorsal/anal fin there is a large volume of water moving laterally (blue region highlighted with yellow
bracket). The position of this wake structure is different between the two foils with different fin positions such that it only
interacts with the caudal fin when the dorsal/anal fins are more anterior. Each image is taken in a plane that overlaps the anal and
caudal fins (green line), captured at the moment that the leading edge of the caudal fin begins to move laterally. Yellow arrows
indicate local water flow after subtracting mean free stream velocity. Red and blue regions indicate the lateral velocity of the flow
(up and down in the images). Plots on the right side show average lateral velocity between the dashed red lines for each point on
the vertical axis of the images. The horizontal black line on the plot shows where the leading edge of the caudal fin interacts with
this flow. Each foil is highlighted with a white line and fin position is shown in magenta. Scale bar is 3 cm.
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across the leading edge of the caudal fin due to flow
shed from the dorsal and anal fins (figure 8). How-
ever, based on the recorded water velocities at this
location there was not a substantial difference in the
strength of this flow between different fin positions
despite differences in fin phasing (near-fin = 90°, far-
fin = 111°). In the stiff foil at 2.5 Hz there is a distinct
lateral flow pattern that is only present in foils with a
dorsal and anal fin (yellow bars, figure 9). Specifically,
in the foil with more distantly spaced fins, the mass
of laterally moving water appears to interact directly
with the leading edge of the caudal fin as it begins its
lateral motion. In the foil with near-fins this mass of
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water has already passed the leading edge of the cau-
dal fin at the same time point (figure 9). These differ-
ences in flow may be related to the differences in fin
phasing between the different foils (near-fin = 62°,
far-fin = 79°).

Lateral flow along the leading edge of the caudal
fin changes the effective angle of attack of the fin and
can affect the formation of a thrust-producing LEV.
In many fish, such as bluegill sunfish (figure 10), this
vortex persists on the lateral surface of the caudal fin
allowing it to produce thrust through much of the
flapping cycle. We looked for this same flow pattern
in our stiff foils flapping at 2.5 Hz. We found that
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Figure 10. Lateral motion of the tail causes a thrust-producing leading edge vortex (white arrow) on the caudal fin of swimming
fish, as in this bluegill sunfish (Lepomis macrochirus) swimming at 1.1 L s™". Flow is analyzed in a plane that overlaps the dorsal
and caudal fins (green line). Yellow arrows indicate local water flow after subtracting mean free-stream velocity. Red and blue
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without a dorsal or anal fin there is a weak LEV on
the caudal fin when it is in the middle of a flapping
cycle (figure 11). In the foil with close fins this LEV is
absent, possibly due to negative flow interaction with
the dorsal fin wake. In contrast, the LEV persists in the
foil with the fins spaced further apart.

4. Discussion

Wake energy recapture has been an active topic of
research for decades in both schooling fish and birds,
as investigators have focused on understanding how
flow leaving one individual impacts thrust and power
consumption in following individuals [59-62]. More
recently, researchers have emphasized the ability of
animals to take advantage of a similar energy-saving
effects using only the wake coming off their own
body (table 1) [12, 13, 42]. None of these stud-
ies using model foil systems, however, have used a
fish-like flexible body or have broadly characterized
the performance effects of kinematic and morpho-
logical variation. Here we present a fish-like model
that mimics biological morphology and generates
thrust by undulating its body. We use a statisti-
cal model to draw conclusions about the effect of
both controlled and emergent variables on swimming
performance. We predicted that the wake from the
dorsal and anal fins would alter thrust-producing flow
structures on the caudal fin and that this effect would
depend on the relative position and motion of the fins.
We also predicted that the asynchronous production
of forces by different fins would make force produc-
tion of the whole system less variable through time
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and thus reduce center of mass oscillations (which
increase energetic costs) (figure 1).

4.1. Critical variables controlling swimming
performance

When building our statistical models of swimming
energetics, we chose to include variables that we
thought would be relevant to swimming perfor-
mance, including both control parameters and fin
kinematics. Our choices of which variables to include
was largely verified by the AICc analysis (table S3).
This statistical framework is designed to eliminate
variables with little explanatory value and it excluded
very few variables in our models. Although we might
expect some collinearity in our explanatory variables,
the lack of exclusions by AIC suggests that we were
still able to extract independent effects of each vari-
able. Among these variables, the position and phasing
of the fins are the most relevant to fin—fin flow inter-
actions as they combine to explain the relative motion
of the dorsal and anal fin with the tail. Our mod-
els suggested that increasing fin distance and phase
angle each independently decreased most energet-
ics metrics, with the effect of phase angle generally
being quadratic and concave down (table 2). How-
ever, this effect only applies to the near-fin configura-
tion. When we consider the interaction of fin position
and phase angle, we get an estimate of the relation-
ship between phase angle and energetics for far-fin
foils. This allows us to directly address our two predic-
tions. The first prediction focused on fin—fin interac-
tions and thrust production; therefore, we first exam-
ine the effect of fin phasing and fin position on SPS.
Interestingly, we see that there is a significant and
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Figure 11. Flow visualization demonstrates that in stiff foils flapping at 2.5 Hz the presence and position of the dorsal and anal
fins affects thrust-producing leading edge vortex formation on the caudal fin. In the control foil without a dorsal or anal fin there
is relatively little flow in the anterior (left) portion of the frame. Visible in the inset on the right, is a small leading edge vortex on
the caudal fin (white arrow). When dorsal and anal fins are positioned near the caudal fin there is relatively large region of
vorticity around and directly anterior to the caudal fin (red region highlighted with yellow bracket). This comes from the wake off
the dorsal and anal fins, and corresponds with the lack of a leading edge vortex in the inset. When the dorsal and anal fins are
further from the caudal fin there is once again stronger vorticity from the dorsal and anal fin wakes (red region highlighted with
yellow bracket), however the wake does not envelop the caudal fin. Without this flow interaction, there is once again a small
leading edge vortex visible on the caudal fin in the inset (white arrow). Each image is taken in a plane that overlaps the anal and
caudal fins (green line), captured as the caudal fin moves laterally. Yellow arrows indicate local water flow after subtracting mean
free stream velocity. Red and blue regions indicate vorticity of the flow (s7!). Fin position is highlighted in magenta. Scale bar is

2 cm in the panels to the left and 0.5 cm in the inset panels to the right.

positive interaction between these two predictor vari-
ables. The effect of this interaction is that, in addition
to a positive direct effect on SPS of increasing fin dis-
tance, the far-fin foil experiences less of a reduction
in SPS for the same change in phase angles (table 2).
Therefore, the effect of phase angle on SPS is mediated
by the position of the fins, with the far-fin configura-
tion reaching maximum energetic values at a higher
phase angle than the near-fin configuration. This is
what would be expected if energetics were determined
by the relative motion of the fins and is consistent
with our prediction that fin phasing affects perfor-
mance through fin—fin flow interactions. However,
these data alone do not prove this mechanism.

In order to address our second prediction, we can
similarly examine the effects of fin position, fin phas-
ing, and their interaction in the models explaining
AF, and AF,. Phase angle in the near-fin foil has
a concave down effect on force oscillation with the
highest force oscillation being found just below the
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mean fin phasing values (table 2). This means that
at low phase angles the force oscillation is increasing,
but as the fins become increasingly asynchronous the
magnitude of the oscillations starts to decrease. The
relationship between phasing and force oscillation in
far-fin foils is similar, however the highest force oscil-
lations are observed when the fins are far more asyn-
chronous. This means that over the range observed
in our study, increasing phase always leads to increas-
ing force oscillation but in a concave down manner.
Although the phase angle that led to maximum force
oscillations was different based on the position of
the fin, both foil shapes are expected to experience
reduced force oscillations as they approach 180° phase
lag (figure 1). Therefore, our second prediction is sup-
ported at high values of phasing. However, given the
observed fin phasing values (figure 5), we would only
expect this mechanism to reduce force oscillations in
the near-fin foils, particularly the flexible one.



10P Publishing

Bioinspir. Biomim. 16 (2021) 046023

Next, we can compare the relative effects of each
independent variable in all our energetics models and
we find that flapping frequency had the largest effect
on every energetics metric (table 2). This is expected
because we held the leading-edge amplitude constant
through all our experiments and therefore higher fre-
quency movements translate to a more rapid flap-
ping motion and higher force production. It is also
consistent with studies of live fish which have shown
that tail-beat frequency is one of the major behav-
ioral modifications that fish use to change their swim
speed [20, 54, 55]. Similarly, the fact that an increase
in stiffness led to increases in force oscillation and
power consumption was not surprising given that
other studies using similar flapping foils have found
that stiffer foils experience higher forces in general
[47, 48, 50]. It was, however, surprising that despite
the combination of increased force oscillation and
power consumption without a predicted increase in
swimming speed, stiffer foils were predicted to have a
higher propulsive economy than flexible ones. Addi-
tionally, changing body stiffness allowed us to test
the models with different ranges of body kinemat-
ics (figure 5). Surprisingly, increased caudal fin peak-
to-peak amplitude led to a decrease in all energetics
variables (table 2). Generally, we expect an increase in
the forces generated by an undulatory swimmer when
we increase the amplitude of flapping since thrust is
correlated with caudal amplitude in fish swimming
at low velocities [54, 58, 63—65]. If all else is equal,
then an increase in force production from an undula-
tory body should correlate with increased thrust oscil-
lations and increased power consumption. Our data
do not directly address why this was not true in our
model; however, we think that this may be in part
because this model estimate assumes the frequency
is unchanged. Since the lateral motion at the lead-
ing edge is the same in all trials, a decrease in caudal
amplitude at the same frequency implies broad dif-
ferences in body kinematics. If these differences led to
faster changes of direction at the tail, then it would
likely increase power consumption and force oscilla-
tion. Therefore, we think that this result is unlikely to
hold true in actively actuated models.

4.2. Flow visualization

Flow visualization allowed us to move beyond the sta-
tistical model of SPS to understand why total thrust
was affected by fin phasing and its interaction with fin
spacing. Past studies have found that leading edge vor-
tices (LEVs) are major contributors to thrust and are
susceptible to augmentation from the external flow
environment [12, 13]. Therefore, we focused flow
visualization analysis on two time points during the
flapping cycle that are critical to the formation and
persistence of LEVs. We first looked at the caudal fin as
it began lateral motion after reaching its furthest dis-
placement from the midline in the flapping cycle. The
LEV develops at this time and its strength depends on
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the angle of attack of the fin and the velocity of the
fin relative to the surrounding water, both of which
are susceptible to augmentation by external flow. We
observed that the dorsal and anal fins each shed a wake
that passes near the caudal fin at this time (figures 8
and 9). However, the strength of this flow pattern at
the leading edge of the caudal fin, and therefore its
expected effect on the LEV, varied greatly based on
the position of the dorsal and anal fins. Specifically, in
the stiff foils, when these fins were positioned closer
to the caudal fin, the wake was further downstream
at this time and failed to increase flow over the lead-
ing edge of the caudal fin. When these fins were more
anterior, they left a wake that directly interacted with
the leading edge of the caudal fin (figure 9).

We then examined flow around the caudal fin later
in the flapping cycle to visualize the strength and per-
sistence of the LEV. In the data collected from bluegill
sunfish there was a thrust-generating LEV at this time
point (figure 10) indicating that the LEV continued
to generate thrust throughout the flapping cycle. In
the stiff model that lacked a dorsal and anal fin we
observed the caudal LEV mid cycle (figure 11). This
indicates that the LEV can persist in the absence of an
altered flow environment. In the model with these fins
situated closer to the caudal fin we did not observe any
LEV on the caudal fin at this time. Conversely, in the
far-fin foil we saw a caudal LEV similar to the vortex
seen in the absence of dorsal and anal fins. This sug-
gests that this important thrust-generating LEV flow
structure was extremely susceptible to the local flow
regime, and that the wake from the dorsal and anal
fins was enough to eliminate it altogether.

These patterns of flow augmentation are consis-
tent with our statistical model of SPS and they help
explain why fin position and phasing affected thrust.
Our statistical model suggested that the swim speed,
and therefore net thrust, was generally higher in the
far-fin foil. This effect is exaggerated in cases where
the fins are moving highly out of phase since the inter-
action effect predicts that thrust will decrease more
quickly in the near-fin foil as fin phasing increases
(table 2). This is consistent with the elimination of
a thrust-generating LEV as seen in the flow visual-
ization. Furthermore, we believe that the altered flow
at the beginning of lateral tail motion (figure 9) may
have completely prevented the formation of the LEV
vortex in the near-fin foil, explaining why we failed
to see an LEV at a later time point in this model
(figure 11).

When the dorsal and anal fins are more anterior,
their wake may increase flow speed over the lead-
ing edge of the fin and leads to a stronger persisting
LEV later in the flapping cycle. Notably, Videler and
Wardle [64] also found that certain flow interactions
could eliminate caudal LEVs; however, they found
that this effect was caused by an increased angle of
attack leading to stall. It is important to note that these
hydrodynamic hypotheses are based on flow patterns
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seen at the highest tested flapping frequency. At low
flapping frequencies the LEV may fail to form due
to decreased lateral fin velocity, likely reducing any
differences between foils with different fin positions.
Furthermore, the exact nature of flow interactions are
based on the combination of fin position, fin phasing,
flapping frequency, and swim speed [66], so the ener-
getically preferred fin position may be different given
alternate body kinematics.

4.3. Comparison to previous engineering studies
Much of the past work on tandem flapping foil sys-
tems has been conducted primarily with engineering
applications in mind. This has allowed us to under-
stand the mechanisms by which flow interactions
can augment performance and creates opportunity
to apply the same theory to flow interactions among
median fins on individual fish. Generally, these past
studies have used two independently actuated rigid
foils in tandem and compared the energetics of the
rear foil to the energetics of a standalone foil. Since the
foils move independently, greater variation in vari-
ables such as fin spacing, fin phasing, motion param-
eters, and the flow regime is possible. These studies
have utilized both robotic experiments and CFD to
analyze the fluid dynamics of their systems (table 1).
The current study differs from past work in a num-
ber of ways, most notably because we used a single
body that is actuated at the leading edge with pas-
sive flexibility. The body of the foils tested here has
a tandem set of fins extending from it, creating a sub-
system comparable to past studies. In this way, our
study system connects our understanding of tandem
foil systems with the whole-body mechanics of a fish
while still maintaining the experimental tractability of
a simple robotic system.

Another distinguishing feature that sets this exper-
imental system apart from previous studies is that
many of the relevant kinematic parameters are a result
of the interaction of the body and the fluid instead of
being independently controlled. As a result, we can-
not examine energetic effects by altering a parameter
for the upstream fin alone while controlling for every-
thing else. Instead, we allow all parameters to covary
during experiments as a consequence of the body’s
interactions with the fluid (as in a swimming fish)
then use a statistical model to isolate the effect of each
parameter. This approach allows us to make predic-
tions about the individual effects of each independent
variable thereby enabling predictions across a broader
parameter space than we directly measured, though
we must be careful about making predictions too far
outside our tested parameter space.

With this in mind, we can use the parameter esti-
mates from our model to predict the combined effect
of fin position and phasing, parameters that can also
vary in different species of fish. We will focus specif-
ically on SPS estimates since this is directly related
to the total thrust being generated and is therefore
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one of the most important response variables exam-
ined. We present these estimates separately for the stiff
and flexible foils because body stiffness was found to
affect the timing of the caudal fin relative to the dor-
sal and anal fins. In the flexible foil we found that
the total effect of fin phasing was similar between the
near-fin and far-fin foils when considered over the full
phase ranges that were observed during experiments
(table 2). Specifically, the maximum SPS was pre-
dicted to be 26.2% and 24.3% lower respectively than
would have been expected if fin phasing remained
unchanged from the lowest value. However, the range
of phases seen in the far-fin foil was twice that of
the near-fin foil’s range. So although the total effects
were similar, they were realized over drastically differ-
ent kinematic ranges. We can similarly compare the
effect of fin position on SPS in the stiff foils, where
the model predicted 11.7% and 13.0% reductions in
maximum SPS due to increases in phase angle for
the near-fin and far-fin foils respectively. These val-
ues were achieved over a similar range of 40° and 47°.
Together these results show that the effects of fin posi-
tion and fin phasing are complicated and situation-
ally dependent. Particularly in the flexible body, our
model predicted that far-fin foils would have lower
SPS when all else is equal but that they would respond
less negatively to changes in phase angle.

Our predicted effects are lower than those
reported in other studies, although effect sizes are not
directly comparable because most previous studies
measure thrust instead of the SPS (table 1). With
this caveat, Akhtar et al [33] found that changing
the phasing of the two separate foil-like fins from
48°-138° could decrease thrust by over 300%. Our
results over a similar range of fin phasing indicate that
in our fastest trials, the maximum effect of changing
the fin phasing is ten times smaller, on the order
of 30%. Despite this difference in magnitude, both
our studies found that modulation of LEV strength
was the most likely explanation for performance
variation. This mechanism is also consistent with
many prior studies on fin—fin interactions [9, 12, 13,
42, 67]. Additionally, several of these studies have
found that this effect is simultaneously dependent on
the inter-fin distance and on the fin phasing [9, 66,
67], similar to the interaction effect in the models
presented here. This interaction is best described
by Kinsey and Dumas [66] who derived a single
metric that predicts the effect of flow interactions
called the global phase difference. Although if fins
are too far apart then the effect of flow interaction
is reduced regardless of fin phasing [36], a trend
that may explain why the interaction effect in our
models caused fin phasing to have a smaller effect on
swimming energetics (table 2). In general, we have
found that similar fluidic effects are acting in our
model as in many past studies of tandem flapping
foils (table 1). However, we find a smaller effect size
of changing fin morphology and kinematics. This
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indicates that past studies examining hydrodynamic
interactions of multiple fins can reasonably be
applied to fish, but that effect sizes are likely much
lower when accounting for the added mass of the
body and the accompanying increase in drag. The
rigid bodies of many past models (table 1) may also
account for some of the differences in the magnitudes
of our results.

When comparing the conditions of our experi-
ments to those highlighted in table 1, we see that our
experiments were generally run at a higher Reynold’s
number (Re) and with higher Strouhal number.
Specifically, other studies were run at Re’s between
400-30 000 while our study ranged from 27 000—-106
000. However, since all these values are well within the
von Kdrmdn vortex street fluid regime [68], we do not
expect the difference to substantially affect our results.
Furthermore, fish generally swim between Re values
of 10°~10° [69], meaning that our study is more in
line with Re values observed in fish than past engi-
neering studies. Conversely, the studies highlighted
in table 1 are more similar to fish in terms of the
Strouhal number (St), with most fish exhibiting St
from 0.2-0.5 [69]. Our study reached much higher
values, implying that our model was less efficient that
past studies and live fish. However, this is not surpris-
ing given that we were generating thrust with a pas-
sively flexing body. While our values of efficiency are
likely lower than would be expected in other systems
with lower St, we still believe that the effect of each
kinematic variable on efficiency would be similar.

4.4. Comparing to data from live fish
One of the major features of this study is that the
tested models are flexible and have both a body and
fins designed to mimic the proportions and form of
fish (figure 2). This suggests that the magnitude of
the effects observed here should be closer to what
would be expected in freely-swimming fishes. Though
our estimates may actually be lower than the effects
experienced by fish since our model moves passively
and many of the thrust generating flow patterns that
are affected by fin—fin interactions would be stronger
with an actively flapping body and fins. Furthermore,
fish are not constrained to the phase parameter space
that we tested, with their fins generally moving more
out of phase than the fins in these foils. Fish are also
subject to a wide variety of selective pressures and can
respond with many different behaviors, so we do not
suggest that negative effects in our model translate
directly to poor swimming performance in fish.
While increasing total thrust has many clear ben-
efits, it is less obvious why a fish might want to
decrease the magnitudes of oscillation amplitudes in
both thrust and lateral forces. One possible reason for
minimizing oscillations in thrust force is to stabilize
the visual field. Nearly all vertebrates have reflexive
coordination of eye and body movements to reduce
oscillations in visual input to the retina [70]. Retinal
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stability reduces the use of saccades, a quick eye move-
ment that reorients the visual field during which time
there is little processing of visual information [71]. In
fish, minimizing the unsteady portions of the swim-
ming cycle and using saccades to reset the visual field
only during high acceleration phases may improve
perception of the surrounding environment [72, 73].
We suggest that fish may be able to limit the need
for saccades and the accompanying visual impair-
ment by decreasing thrust oscillations with fin—fin
interactions thereby creating a steadier visual field.
The benefits of decreased lateral force oscillations are
more likely to be energetic in nature. Specifically,
the amount of lateral motion during a flapping cycle
will be directly controlled by the magnitude of the
oscillations of lateral force. Increased lateral motion
will increase the volume of entrained water around
the body, and therefore increase the energetic cost of
locomotion [67, 74]. Our results suggest that this
cost can be reduced by changing relative fin motion
(table 2).

As our models reveal, all the energetics metrics
discussed above can be altered by changing fin and
body kinematics. However, we do not suggest that this
is only possible through evolutionary modification.
Fishes have several behavioral capabilities that might
allow them to avoid negative effects or enhance their
swimming performance. For example, fish generally
modulate their swim speed by changing tail beat fre-
quency. Additionally, fishes have active control over
median fin motion [7, 14-22] and could likely lever-
age this to optimize relative motion and timing of
different fins. We found that increasing the distance
between the dorsal and caudal fins had a complex
effect on performance. Although fishes cannot move
their fins longitudinally, many fish are capable of low-
ering both their first and second dorsal fins [16, 17]
thus altering the exposed surface area. This would
change the amount of space anterior to the caudal
fin in which flow can develop and in certain circum-
stances could allow for fin—fin interactions that out-
weigh the effect of losing a propulsive surface. We
also found that the phasing of the different fins could
change swimming performance. Although the phas-
ing of the fins in our model was completely deter-
mined by the undulatory wave passing down the body,
fish are capable of independently flapping their dorsal
and anal fins. The motion of these fins is still largely
tied to the motion of the body since fin bases are
attached to the body surface, but active fin-flapping
may allow them to make small adjustments to fin
phasing. Although we generally saw a negative effect
of fin phasing on the energetics variables, we note
that fish tend to move their fins more out of phase
than our model (figure 5) and the expected effect of
phasing is sinusoidal. Therefore, it is possible that fish
may realize positive effects from the same variables
that appeared to negatively affect energetics in our
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model. The ability of fish to actively control fin mor-
phology and kinematics to effect inter-fin flow inter-
actions and thereby improve swimming performance
is a particularly interesting area for future research.
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