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Abstract
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In fish, the tail is a key element of propulsive anatomy that contributes to thrust during swimming.
Fish possess the ability to alter tail stiffness, surface area and conformation. Specifically, the region
at the base of the tail, the caudal peduncle, is proposed to be a key location of fish stiffness
modulation during locomotion. Most previous analyses have focused on the overall body or tail
stiffness, and not on the effects of changing stiffness specifically at the base of the tail in fish

and robotic models. We used both computational fluid dynamics analysis and experimental
measurements of propulsive forces in physical models with different peduncle stiffnesses to analyze
the effect of altering stiffness on the tail angle of attack and propulsive force and efficiency. By
changing the motion program input to the tail, we were able to alter the phase relationship between
the front and back tail sections between 0° and 330°. Computational simulations showed that
power consumption was nearly minimized and thrust production was nearly maximized at the
kinematic pattern where ¢ = 270°, the approximate phase lag observed in the experimental foils
and in free swimming tuna. We observed reduced thrust and efficiency at high angles of attack,
suggesting that the tail driven during these motion programs experiences stalling and loss of lift.
However, there is no single peduncle stiffness that consistently maximizes performance,
particularly in physical models. This result highlights the fact that the optimal caudal peduncle
stiffness is highly context dependent. Therefore, incorporating the ability to control peduncle
stiffness in future robotic models of fish propulsion promises to increase the ability of robots to

approach the performance of fish.

1. Introduction

Engineers and biologists alike have long been fas-
cinated by the high performance and efficiency with
which fish such as tuna are able to swim. One
reason for the high level of locomotor performance
acheived by fish is their ability to manipulate the
movement and material properties of their body and
fins, reviewed most recently by Quinn and Lauder
[1]. Most analyses have focused on changing body

© 2022 IOP Publishing Ltd

stiffness [2—5] and on how fish can actively adjust fin
ray stiffness [6—8] during swimming. However, motor
control of the tail and its stiffness modulation is also
of considerable interest [9, 10]. Research on the motor
control of fish tails has recently begun to focus on
the caudal peduncle, the portion of the tail that con-
nects the body to the caudal fin (figures 1(A) and (B)).
In fish, this anatomical region contains tendons from
the body's musculature that connect to tail fin rays,
and there is often considerable modification of the
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Figure 1. Experimental foils designed to reflect the anatomy and variable stiffness of fish tails. (A) The peduncle region of
percomorph fishes, such as a bluegill (Lepomis macrochirus), is relatively deep. (B) The peduncle region of many scombrid fishes,
such as a yellowfin tuna (Thunnus albacares), is narrow and has a specialized keel structure with a visible external portion
composed of collagenous tissue. (C) Internal anatomy of a tuna tail showing the layers of tissue that passively stiffen the peduncle.
Most distal from the midline is the great lateral tendon (GLT). Medial to the GLT are the lateral tendons (LTs). At the midline
there is a bony lateral keel (BLK) formed from interlocking lateral projections from peduncle vertebrae. (D) Experiments were
carried out on foils whose geometry is inspired by the tuna tail, with variable stiffness provided by changing the material
composition at the peduncle. (E) Recirculating flow tank experiments were performed by actuating bioinspired foils in heave and
allowing the peduncle joint to control the pitching motion of the caudal fin. Resultant forces were measured using an in-line force
transducer. Further details of the foils and testing apparatus are provided in supplemental figures 1 and 2.

vertebrae anterior to the bony supports of the tail fin
rays (figure 1(C); [11, 12]). Antagonistic activation
of body musculature can stiffen the tendons attached
to the tail, and similar antagonistic activation of the
caudal fin musculature can stiffen the tail fin rays
(reviewed in [1]). Recent experimental studies using
mechanical systems to model the caudal peduncle
include the work of Ren et al [13], who found that act-
ive pitching of the caudal fin using the peduncle could
improve lift, thrust and maneuverability compared
to a heave-only caudal fin. More recently, Zhong
et al [14] found that active tensioning of the ped-
uncle region allowed swimming fish models to max-
imize efficiency across a range of swimming speeds
by modulating stiffness. Additionally, some of the

highest performance swimming robots to date have
incorporated fish-like caudal peduncles as an integral
part of their design [15, 16]. Despite this increased
focus on the role of the caudal peduncle region for
efficient swimming, the mechanisms by which the
peduncle affects tail hydrodynamics and the extent to
which changes in stiffness at the base of the tail alter
swimming thrust and efficiency are not known.
During steady swimming, the caudal fin of fish
moves in two primary axes, laterally perpendicular to
the flow (heave), and rotationally about the peduncle
joint (pitch) [17]. The fish caudal peduncle region is
involved in generating both types of motion. Specific-
ally, the peduncle transmits the lateral force generated
by the body muscles to the caudal fin allowing it to
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Figure 2. The addition of pitch (B) to a heave-only motion pattern (A) allows for greater lift generation without inducing

dynamic stall. (A) Free-stream flow (U ) combined with heave motion (ilA) generates the effective fin velocity (Uy). Lift (Ly) is
generated perpendicular to the effective fin velocity, and the streamwise component (Fxy ) of this force is considered thrust.

However, as hy increases the angle of attack (o) quickly increases and surpasses the stall point of the system. (B) By including a
pitching motion @ in addition to heave, the angle of attack can be reduced for the same heave motion, thereby allowing for

higher effective fin velocities before exceeding the stall point.

move in heave. As the fin moves laterally through the
water, the stiffness of the peduncle then determines
the degree to which the fin is deflected, thereby affect-
ing the maximum pitch of the fin. Additionally, fish
can use active muscle contraction to alter the relative
timing of heave motion and to stiffen the peduncle for
additional alteration of pitching motion. There has
been much speculation that fish actively modulate
the stiffness of the tail in this way, but there is little
evidence of this or that they substantially change the
timing of caudal fin heaving motion through active
muscle contractions in the peduncle [1, 9, 18, 19].
Rather, the timing of the caudal fin relative to the
body generally appears to be consistent with a model
in which a mostly passive fin is actuated at its leading
edge.

As fish undulate their tails, thrust is gener-
ated through several mechanisms including lift on
the caudal fin. Lift-based locomotion can be highly
efficient [20-22] but is dependent on optimizing the
motion of the tail relative to the water around it. As
the tail moves to the side during undulatory propul-
sion, the lateral velocity h A Interacts with freestream
velocity Uy, into an effective net fin velocity U, that
produces lift Ly (figure 2(A)). The lift vector is per-
pendicular to Ugna, La has orthogonal components
in the lateral and swimming directions (Fy and Fy,,
respectively), with the latter considered thrust.

To produce thrust efficiently, fish must avoid
dynamic stalling of the caudal fin, and thus need
to limit the maximum angle of attack, a. However,
to increase thrust, the tail must increase in fre-
quency and the resulting lateral heave velocity, which
will then increase the angle of attack. This conflict
between thrust and efficiency can be mitigated by
adding a pitch motion g with an appropriate phase

offset ¢ to the heave motion such that the angle of
attack is reduced (figure 2(B)). Similar mechanisms
have been studied in flat foils with a wide range of
Reynolds numbers [23, 24]. The lateral velocity of the
fin is greater than in a heave-only motion, but the
angle of attack does not increase due to the addition
of appropriate pitch 0. Increased heave velocity hg
increases the lift L and rotates the resultant force vec-
tor into the thrust (F,p) direction, increasing over-
all efficiency 7. Thus, the phase offset ¢ between the
heave and pitch motions of the caudal fin is a crucial
factor in determining the propulsive performance of
an undulatory swimmer.

In this study, we seek to further elucidate the
role of the caudal peduncle in optimizing swim-
ming performance metrics, including thrust produc-
tion, power consumption and Froude efficiency, by
examining its role in mediating the relative motion of
the body and the tail in the context of lift-based loco-
motion. We do this through a combination of simula-
tions and experiments on a bioinspired tuna-shaped
tail. We first computationally investigate the optimal
phase offset between the body and the tail to see if
greater active input from the caudal peduncle to phase
advance the caudal fin can increase swimming per-
formance. We apply these results in the context of flow
over the caudal fin to understand whether the results
can be explained by our understanding of lift genera-
tion. We then experimentally examine the energetics
of swimming in physical models with different caudal
peduncle stiffnesses, allowing for different pitching
amplitudes of the caudal fin. We hypothesize that the
primary benefit to be gleaned from the peduncle is
through modulation of the angle of attack of the fin
and not through modulation of the relative timing of
tail heaving motion.
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Figure 3. Schematic overview of the fluid—structure interaction solver workflow. ¢* is the nth time step.

2. Methods

2.1. Computational fluid modeling

We coupled an in-house immersed boundary method
based flow solver Picar3D [25] and an open-source
finite element structure solver (Vega finite element
modeling (FEM), University of Southern California,
Los Angeles, CA) [26] to perform fluid—structure
interaction (FSI) simulations. During this process,
the convergence check guarantees the convergence
of the flow and structure results at each time itera-
tion, allowing us to achieve strong coupling between
the fluid solver and the structure solver (figure 3).
Recently, the FSI solver was successfully applied to
study the hydrodynamic performance of a flexible
tuna tail [27].

The fluid solver solves the incompressible Navier—
Stokes equations, which are non-dimensionalized
by chord length and incoming flow speed. We solve
these equations numerically using an in-house finite-
difference-based  Cartesian-grid  sharp-interface
immersed-boundary-method direct numerical sim-
ulation solver [25]. This approach has been success-
fully applied to the flapping propulsion of insects
[28-30], birds [31, 32], fish [33-35], as well as vari-
ous biological and bioinspired problems [36-38]. A
detailed description of the sharp-interface method
and validation of this solver can be found in [39, 40].
The structure solver uses the open-source Vega
FEM Library, chosen for its ability to handle large
deformations [26]. The solver numerically solves an
ordinary differential equation derived from finite ele-
ment analysis. A more detailed description of the
coupled numerical algorithms is provided in Wang
etal [41].

We model a foil (same shape as shown in
figure 1(D) and supplemental figure 1, one-half
dimension) inspired by a tuna tail, and use a compu-
tational domain with non-uniform density to calcu-
late fluid motion (figure 4(A)). In the current simula-
tions, we first perform a fully prescribed setup where
both the body (section anterior to peduncle) and the
caudal fin (section posterior to peduncle) are rigid
and have prescribed motions (figure 4(B)). We then
perform an FSI setup where the caudal fin is connec-
ted to the prescribed body through a flexible peduncle
(supplemental figure 1).

For the full prescribed setup, the section of the
foil anterior to the peduncle is driven with prescribed
sinusoidal heave motion of amplitude iy = 0.0125 m.
The tail section posterior to the peduncle has the
same heave motion but is also driven by a pitching
motion of amplitude 6y = 15°. For the posterior part,
pitching and heaving both have the same frequency
of f = 1 Hz, but are phase offset from the body by
¢ = 0°-330°. Phase offsets are prescribed in inter-
vals of 90° between 0° and 180°, with a more refined
spacing of 30° between 210° and 330° (table 1). We
sampled more cases between 210° and 330° because
we expected the most biomimetic kinematic profiles
to fall within this range. In total, the parameter space
has 24 different simulation cases. The representative
kinematics of the foils are shown in figure 5.

For each of the 24 simulation cases we calcu-
late the mean streamwise force (F,) and lateral force
(F,) over the duration of one complete flapping cycle.
We then use the force data to calculate key swim-
ming performance metrics, including the coefficient
of thrust, coefficient of power and Froude efficiency
(equations (1)—(3)) for each set of trials, where s is
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Figure 4. Computational fluid dynamic (CFD) simulation design showing (A) CFD mesh arrangement and (B) equations
determining foil kinematics in both heave and pitch. The equation on the left represents the motion anterior to the peduncle and
the equation on the right represents motion posterior to the peduncle. U represents free-stream velocity.
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Table 1. Simulation parameters for analyzing the effect of phase
offsets on propulsion.

Parameter Range

Free-stream velocity Uso = 0.08,0.12,0.16 m s~

Chord ¢=0.09 m (body c; = 0.05 m,
fin c; = 0.04 m)

Span s=0.1m

Frequency f=1Hz

Heave amplitude ho =0.0125m

Bend angle 0 = 15°

Phase offset ¢ =0°,90°, 180°, 210°, 240°,

270°, 300°, 330°

the foil span, c is the foil chord, U is the free-stream
velocity, /i is the heaving amplitude and p is the dens-
ity of water at 20 °C:

Cr= = M
T=1T—""5
1pUZ sc
F,h
Cr = %7 (2)
5pU3sc
Cr
= 3
=G (3)

To supplement the force data, we calculated
the Strouhal number as well as the angle of
attack throughout a complete oscillatory cycle
(equations (4) and (5)), where f is the frequency
of motion and ¢,sinf cos ¢ represents the position of
the tail relative to the actuated leading edge. We then
recorded the maximum angle of attack for each foil
at any point during the flapping cycle and used this
value in our analyses:

2f(h+ csinf cos @)
Uso ’

St= (4)

a=—60—tan"! <Jl> . (5)

2.2. Foil design and manufacture

Simulation results suggested that passive bending at
the caudal peduncle optimized several performance
variables, so we continued our investigation by man-
ufacturing plastic foils with flexible peduncle joints.
Each foil was manufactured with a Stratasys object
printer (0.03 mm layer resolution) with the same
shape as the computational model (figure 1(D), sup-
plemental figure 1), but we varied the stiffness at
the peduncle by altering material thickness. Specific-
ally, each foil is composed of three UV cured poly-
mer (VeroWhite by Stratasys) layers on the body and
tail with only the central layer spanning the ped-
uncle joint. The thickness of this central layer directly
determines the stiffness of the peduncle and therefore
the bending angle of the tail as the leading edge of the
foil is actuated in heave. We kept the overall thickness
of the foil uniform by filling the peduncle region with
a rubber-like material (TangoBlack by Stratasys).

To ensure a wide distribution of experimental
peduncle stiffnesses in our tuna-inspired foils, we
conducted three-point bending tests across a range of
peduncle material thicknesses to measure the flexural
modulus of the tri-laminar structure (supplemental
figure 2). The rectangular specimens used for bend-
ing tests had a span of 60 mm, chord of 20 mm and
thickness of 2 mm. Similar to the peduncle joint on
experimental foils, these specimens were composed
of one central polymer layer of variable thickness and
two rubber layers to bring the total thickness to 2 mm.
The central layer varied in thickness from 7 to 2 mm,
with three specimens manufactured for each set of
specifications to allow trial replication. We calculate
the flexural modulus using equation (6), where L is
the span between the supports, m is the slope of the
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Figure 5. Prescribed kinematics of simulated foils at four representative phase values compared to data from a freely swimming
yellowfin tuna obtained from high-speed video recordings of free-swimming tuna locomotion. Blue denotes the portion of the
tail posterior to the peduncle while red denotes the tail segment anterior to the peduncle. Tuna kinematic traces were aligned to

keep the red segment parallel.

Table 2. Experimental foil design parameters.

Stiffness at center

Peduncle of pedundle,
Foil thickness (m) EI (Pam?)
S1 3.0 x 107* 1.35 x 102
S2 5.0 x 1074 6.24 x 1073
S3 7.0 x 107* 1.71 x 1072
S4 1.0 x 1073 499 x 1072

linear portion of the deflection curve, b is the width
of the foil and d is the thickness of the foil:

L’m

= d (©)

E
Finally, we fit a cubic function to the plot of
flexural modulus against foil thickness and use this

to choose four thicknesses of experimental foils
(table 2).

2.3. Flow tank experiments and PIV

We conducted experiments using a robotic system
capable of actuating the foils in heave at the leading
edge (figure 1(E); supplemental figures 1 and 3; video
1) (see [42—46] for further details of this experimental

platform). We suspended this system over a recircu-
lating flow tank with the foil held in the water by
a flat shaft. We measured the forces using a six-axis
force-torque transducer (ATI-Nano 17, ATI Indus-
trial Automation, Apex, NC, USA) at the top of
the shaft. During each experimental trial, we placed
the foil in a flow tank with a free stream velocity
of 0.24 m s~! and actuated the foil for 10 s while
recording raw force data (Fy and F,), then measured
the mean values calculated over the entire flapping
period. We ran five trials for each foil while varying
the frequency of motion and heave amplitude of the
leading edge (table 3) before calculating the mean and
standard deviations across the trials using R language
(R v.3.5.3, RStudio v1.0.153). We did not complete
trials at high heave and high frequencies for the most
flexible foils because the printed peduncle joint was
not strong enough to withstand the actuation forces.
Finally, we used the force data to measure the coeffi-
cient of thrust, power consumption and Froude effi-
ciency (equations (1)—(3)).

To understand whether our experimentally meas-
ured flow patterns were similar to the simulation res-
ults, we recorded flow around the foils during one
trial at each combination of foil and kinematic para-
meters. Flow was captured from a ventral view via
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Table 3. Experimental parameters used for the flow tank
experiments.

Parameter Range

Free-stream velocity Uso =0.24m st

Chord ¢=0.18 m (body

¢c1= 0.1 m, fin c; = 0.08 m)
Span s=02m
Frequency f=10.4,0.6,0.8,1.0,1.2, 1.4,

1.6,1.8,2.0 Hz

Heave amplitude ho = 0.025, 0.0375, 0.05 m

a mirror set at 45° to the horizontal plane using a
high-speed camera (Photron UX100 high-speed cam-
era; 1280 x 1024 pixel resolution, Photron, Inc.)
shooting at a frame rate of 1000 Hz. The water
was seeded with near-neutral density particles that
were illuminated with a 5 W argon ion laser light
sheet positioned mid-span on the foils (supplemental
figure 3). After masking the shadows that were caused
by foils blocking the laser sheet, we calculated the flow
field in each frame (two passes, 48 x 48 pixel interrog-
ation area, DaVis v 8.3.1 LaVision, Goettingen, Ger-
many). We subtracted the free-stream flow from the
entire frame to better visualize the added effect of the
foil on the fluid flow and then plotted the vorticity
of the flow field in each frame. We completed this
process for one cycle at each parameter combination,
starting and ending with the time when the leading
edge of the foil reaches maximal lateral excursion to
the right, and compared the flow to CFD results at
270° phase offset.

3. Results

3.1. CFD simulation of caudal fin motion

We prescribed the heave motion of the body and the
pitch motion of the caudal fin at the leading edges of
both sections, allowing us to examine the energetic
consequences of undulatory swimming across the
full range of kinematic profiles that can be achieved
by altering the relative timing of heave and pitch
motions. We provide illustrations and descriptions
of four representative foil profiles and one yellowfin
tuna profile (figure 5) to demonstrate the range of
observed motions as they compare to biological sys-
tems. When the heave and pitch are in phase (¢ = 0°),
the caudal fin appears to be pitching about a point
anterior to the tail. With a phase angle of ¢ = 90°, the
trailing edge of the caudal fin appears to lead to the
motion of the whole tail. At ¢ = 180° the kinematic
pattern was similar to the in-phase motion pattern;
however, the caudal fin rotated about a point pos-
terior to the tail. Finally, ¢ = 270° provided the most
biomimetic kinematic profile compared to the tuna,
with the caudal fin appearing to passively deflect in
response to fluid resistance during lateral motions of
the tail.

D G Matthews et al

We find that, in addition to being the most qual-
itatively fish-like, a phase offset angle of ¢ = 270°
also corresponded to an energetic optimum across all
flow speeds (figure 6). Specifically, we find that the
power consumption is minimized between ¢ = 180°—
270°, the motion patterns in which pitching of the
caudal fin lags the lateral motion of the whole tail
(figure 6(A)). The highest power consumption is
observed around ¢ = 0°, where the pitching of the
caudal fin actively opposes the fluid resistance caused
by the lateral motion of the tail. Additionally, we
find that thrust is maximized when ¢ = 270°-360°
and minimized when ¢ = 90°-180° (figure 6(B)).
Interestingly, this means that the ranges of minimum
power and maximum thrust overlap at ¢ = 270°.
Since efficient locomotion is defined as creating high
thrust while consuming little power, we see a peak
in Froude efficiency at ¢ = 270° (figure 6(C)), the
motion pattern that most resembles natural undu-
latory locomotion. Therefore, we conclude that bio-
mimetic kinematic profiles exist at a trade-off point
between maximizing thrust and minimizing power,
and that changes to the relative timing of pitch and
heave could have neutral or negative consequences on
swimming performance.

Given that lift is a significant source of thrust in
many undulatory swimmers, we next examine the
maximum angle of attack achieved during each of the
tested kinematic profiles. Maxima were taken from
traces of the angle of attack over one complete flap-
ping cycle (supplemental figure 4). We find that the
maximum angle of attack shows opposite trends com-
pared to the coefficient of thrust (figure 6(D)), mean-
ing that the highest thrust values are achieved when
the foils maintain a lower angle of attack. Accord-
ingly, we find a negative relationship between effi-
ciency and angle of attack (figure 7). However, the
degree to which efficiency is reduced at high max-
imum angle of attack is dependent on the phase off-
set angle, further highlighting the sensitivity of bio-
mimetic motion patterns to the exact phasing of
the tail and caudal fin. Furthermore, our finding of
reduced thrust and efficiency at high angles of attack
implies that many of these motion patterns exceed
the stall angle of the fin for much of their duty
cycle.

Finally, we compare our simulations to classical
assumptions about optimal Strouhal numbers in
swimming dynamics. We find that at certain motion
parameters our model does swim in the optimal
range of 0.2 < St < 0.4 (figure 8). However, this
range includes both the least efficient (¢ = 180°,
all flow speeds) and the most efficient (¢ = 270°,
Uso = 0.16 m s~ !) parameter combinations. Further-
more, many of our most efficient trials had Strouhal
numbers above this range. This result shows that
it is possible to have highly inefficient swimming
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within the range of 0.2 < St < 0.4 if we move outside
the motion patterns typically seen in undulatory
swimming.

3.2. Experimental analysis of caudal fin motion
Kinematic profiles show that experimental foils are
capable of being kinematically similar to CFD motion
patterns at ¢ = 270° (figure 9(A)). Since heave is fully
prescribed in both simulations and experiments, it is
synchronized between the two cases. The heave amp-
litude of the experimental model is twice that of the
simulation case to account for the increased scale of
the foil. Contrastingly, the pitch is prescribed in sim-
ulations but determined by the kinematic profile and
peduncle stiffness in experiments. Despite this differ-
ence, we find that the motion of experimental foils in
some cases is very similar to the prescribed simula-
tion motion, for instance when foil S3 (see table 2)
is actuated at a heave of 2.5 cm and frequency of
1 Hz (tables 1 and 2; figure 9(A)). We also observe
that data from flow visualization showed considerable
similarities between the experimental and computa-
tional cases, with all the same major vortical struc-
tures present in both (figure 9(B)). Taken together,
the similarity between foil kinematics and fluid flow
confirms that simulation cases with ¢ = 270° are rep-
resentative of passive peduncle kinematics. It also sug-
gests that experimental results can be used to extend
our understanding of the simulation efficiency peak
seen at ¢ = 270° by elucidating the effect of peduncle
stiffness on motion parameters near this phase-offset
value.

We next consider the effect of peduncle stiffness
on the energetics of swimming in experimental foils.
Except for foil S1 (table 2), the foil with the most
flexible peduncle, power consumption was similar
between all our foils across all flapping frequencies
(figure 10). Foil S1 consistently had higher power
consumption than other tested foils, with the dif-
ference increasing at higher frequencies. Thrust pro-
duction showed much more variability between foils;
however, there were no clear trends where one foil
was always above or below the others. Instead, we
found that as the prescribed heave and frequency var-
ied, thrust production in all the foils changed quickly.
For instance, foil S1 tended to generate relatively little
thrust at low frequencies, but had an inflection point
at 1.4 Hz after which there was a sharp increase in the
slope of thrust coefficient vs. frequency. As a result,
this foil had the lowest coefficient of thrust at low fre-
quencies and the highest coefficient of thrust at high
frequencies when the heave was 3.75 cm. Although
the pattern of thrust compared to frequency was sim-
ilar when the heave was 2.5 and 5.0 cm, neither case
had a single foil producing both the minimum and
maximum values observed over the whole range of
frequencies. Similarly, we observed that the foil with
the highest efficiency is highly variable across differ-
ent values of heave and frequency, with each foil hav-
ing the highest efficiency for at least one kinematic
profile. This complex set of interactions demonstrates
how the relationship between peduncle stiffness and
performance is highly dependent on the kinematic
parameters of the tail.
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4. Discussion

The caudal peduncle region just anterior to the
tail in fish is an important part of their locomotor
anatomy [11, 12, 47, 48] and has increasingly been
incorporated into both the design of aquatic robots
[1,13,44,49] and the computational analyses of
tuna-inspired locomotion [27, 33]. The peduncle is
capable of modulating the timing and amplitude of
caudal fin pitching motions and can also be used to
stiffen the whole tail due to the actuation of ten-
dons from the body musculature [1, 14, 50, 51]. As
a result of the complexity of the peduncle’s multifa-
ceted effects on swimming kinematics, we do not fully
understand which of these capabilities are used in fish
and which ones could be beneficial in robotic design.
In this paper, we use both simulations and flow tank
experiments to test the energetic effects of peduncle-
mediated changes on pitching and tail stiffness. We
predict that the ability to phase-advance pitching of
the tail will not significantly increase performance,
but that the accompanying changes to the angle of
attack will alter thrust production. We believe that
these results will help shape our understanding of the
behaviors that we see in fish and can help to optimize
the design of future high-performance fish-inspired
robotic models.

4.1. Efficient foil propulsion

The experimental study of flapping foil propulsion
has provided numerous insights into which input
motion parameters generate the most efficient undu-
latory movement. Many of these papers have used
rigid flat plates that are oscillated in either heave,
pitch, or both [23, 52, 53]. Other studies have focused
on flexible foil propulsion, using simple passively
bending polymeric representations of the fish body
and tail moved in heave and/or pitch at the leading
edge [46, 54, 55] to generate an undulatory propulsive
wave down the foil. Much of this previous work has
involved foils with uniform material properties along
their length, as have recent computational studies of
flapping foil propulsion [56].

However, given the importance of the caudal ped-
uncle region to fish functional design and propulsion
(figure 1; [1, 12, 14]), a recent trend in biomimetic
swimming robots is to include a caudal peduncle
in the design, often building actuation mechanisms
into the peduncle itself [13, 14, 49]. Although these
experiments have helped to expand the performance
space that swimming robots can achieve, designing
and actuating a mechanical caudal peduncle region
also adds a great deal of complexity to robot design
and manufacture. Therefore, it is important to under-
stand which components of active control are highly
beneficial for swimming and which benefits can be
passively achieved through a simple design.
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In this paper, we used a simple alteration of flex-
ural stiffness at the base of the tail in the peduncle
region (see supplemental figures 1 and 3) to determ-
ine the effect of altering the ability of the tail surface to
move out of phase with the actuated anterior section
on propulsive thrust and efficiency. Both compu-
tational fluid dynamics modeling and experimental
studies of a flexible foil showed that passive bending at
the peduncle joint was more efficient than any active
phase advanced or lagged motion pattern. Specific-
ally, power consumption was nearly minimized and
thrust production was nearly maximized at the kin-
ematic pattern where ¢ = 270°, which is reminiscent
of passive peduncle bending (figure 6). For phase-
offset values ¢ < 270°, the thrust production was
much lower, while the power consumption was mar-
ginally lower. Conversely, for values ¢ > 270°, the
foils saw small increases in thrust production accom-
panied by large increases in power consumption.
Therefore, the best motion pattern to achieve high
thrust while consuming relatively little power is when
¢ = 270° and can be achieved with a passively actu-
ated peduncle. However, if an application requires
maximum thrust and allows for higher power con-
sumption, then a design with active peduncle con-
trol that allows for phase lag in the caudal fin might
be acceptable. Similar optimal kinematic or shape
parameters have been found in cases of simple 2D
geometry and low Reynolds number laminar flow
conditions [23, 57, 58]. This study extends these res-
ults by examining the optimal kinematics of com-
plex 3D systems under turbulent flow, which is only
currently feasible using an experimental approach.
More advanced optimization methods for 3D turbu-
lent systems will allow for further examination of the
optimal parameter spaces that fish and biomimetic
robots may occupy.

We also found that the ability to actively con-
trol the stiffness of the caudal peduncle region
would likely optimize performance across a range
of swimming parameters and behaviors. Unlike the
phase-lag experiments, there is no single peduncle
stiffness value at which maximum performance is
achieved across the range of experimental paramet-
ers (figure 10). Instead, we found that each set of
parameters had a different optimal peduncle stiffness
value. In addition, the optimal stiffness value that
maximizes efficiency was often different from that
which would optimize thrust or minimize power con-
sumption. Therefore, optimizing performance across
a range of behaviors requires active alteration of ped-
uncle stiffness during swimming. This strategy has
been explored by Zhong et al [14], and our results
indicate that other studies could benefit from similar
mechanisms.

Although a great deal of fish swimming perform-
ance is determined by the tail, it is also import-
ant to remember that drag and wake structure
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from the body and other fins also have an import-
ant role in swimming dynamics. Specifically, more
anterior median fins can leave vortical structures
that alter the angle of attack over the caudal fin
[33, 34, 43, 49, 59-61]. The foils used in this study
only represented the posterior region of fish, and
therefore lacked any other median fins. Although
this was necessary to ensure that our results per-
tained specifically to peduncle mediated effects, it also
means that some of the performance trade-offs in our
model could be avoided in more complicated mod-
els by using structures on the anterior body to alter
the flow environment that the tail encounters [49],
such as changing lateral flow momentum through
median fins.

4.2. Implications for fish propulsion
In addition to guiding robotic design, our results
also allow us to better understand how fish use their
complex anatomy to control swimming performance.
Specifically, in regard to the peduncle, fish have pass-
ive anatomical structures that impact the stiffness of
the tail (figure 1(C)) [11, 12, 50] as well as active con-
trol of the muscles and tendons that span the ped-
uncle. This active control grants them the ability to
both phase shift the motion of the caudal fin relative
to the body and to actively stiffen the peduncle. We
believe that phase shifting the caudal fin is unlikely
to be advantageous in steady swimming since our
results show that efficiency quickly decreases outside
the passive range of phase-shift angles. However, our
finding that the performance of a passively deflect-
ing peduncle is dependent on stiffness and is sensitive
to tail kinematics leads us to believe that fish would
benefit from active modulation of peduncle stiffness
as shown in a robotic model by Zhong et al [14].
Throughout their lives, fish exhibit a huge range
of behaviors that necessitate swimming over a broad
range of speeds and with a wide variety of body
kinematics. While the passive stiffness granted by
the anatomy of the peduncle may lead to effect-
ive locomotion in one context, our results suggest
that it would likely be suboptimal in other con-
texts. By activating the muscles and tendons that
span the peduncle, fish could increase peduncle stiff-
ness and maintain effective propulsion across a vari-
ety of behaviors [1, 9]. Specifically, this could allow
fish to alter the deflection of the caudal fin as the
tail moves laterally, thereby changing the angle of
attack of the fin. Since performance variation was low
between adjacent frequencies in our trials, we pre-
dict that fish change the stiffness of the peduncle only
for major changes to swimming behavior, instead
of fine-tuning stiffness during each tailbeat. How-
ever, electrophysiological examination of the ped-
uncle muscles is needed to definitively understand
the degree to which fish actively modulate peduncle
stiffness.

12

D G Matthews et al

5. Conclusion

We present a study that combines simulations and
robotic experiments to demonstrate the importance
of the caudal peduncle in swimming performance
using a simplified model of the posterior region of
a fish’s body. Simulation results suggest that there is
a tradeoff between thrust and power consumption
in undulatory swimming systems. They furthermore
show that biomimetic values of the phase lag between
tail heave and pitch lead to the best balance of these
two performance metrics. Experiments of peduncle
stiffness show that although there are optimal val-
ues of joint stiffness for individual kinematic profiles,
there is no optimal global solution to maximize
any measure of performance. Our results demon-
strate that optimization can be achieved by incor-
porating fish-like caudal peduncles into the design of
undulatory swimming systems and stress the import-
ance of future research on actively controlled stiff-
ness in both peduncle joints and other parts of the
body.
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