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Fish maintain high swimming efficiencies over a wide range of speeds. A key to this achievement is their flexibili-
ty, yet even flexible robotic fish trail real fish in terms of performance. Here, we explore how fish leverage tunable
flexibility by using their muscles to modulate the stiffness of their tails to achieve efficient swimming. We derived
a model that explains how and why tuning stiffness affects performance. We show that to maximize efficiency,
muscle tension should scale with swimming speed squared, offering a simple tuning strategy for fish-like robots.
Tuning stiffness can double swimming efficiency at tuna-like frequencies and speeds (0 to 6 hertz; 0 to 2 body
lengths per second). Energy savings increase with frequency, suggesting that high-frequency fish-like robots have

the most to gain from tuning stiffness.

INTRODUCTION

For decades, scientists and engineers have tried to understand how
fish maintain such high swimming efficiencies over such a wide range
of speeds. One of the “overarching” (1) themes in this quest has been
flexibility. Fish are highly flexible: When limp, their bodies can be as
pliable as loose-leaf paper [e.g., flexural rigidity EI ~ 1 to 2 N mm®
(2)]. Theories, simulations, and experiments all show that flexibility
can improve performance (3-7), yet fish-inspired robots—even those
that are flexible—trail real fish in terms of speed and efficiency (8-11).
Here, we explore a missing feature that perpetuates this performance
gap: tunable stiffness.

It has been hypothesized that no one stiffness optimizes a fish’s
performance, so fish tune their stiffness as they swim using active
muscle tensioning (12). Muscle activity in sunfish (Lepomis macrochirus)
(13), for example, suggests speed-dependent tail stiffening. Electrical
stimulations of deceased bass (Micropterus salmoides) (14) and eels
(Anguilla rostra) (2) suggest that muscle tensioning could triple a
fish’s effective stiffness. How muscles actively modulate stiffness is
not well understood (1), but proposed mechanisms approximating
muscle behavior include bilateral tendon tensioning (14, 15) and
curvature control (16). Because it is nearly impossible to measure
the stiffness of live fishes as they swim, two key questions remain
unanswered: What are the energetic advantages of tuning stiffness,
and how should stiffness be tuned to maximize efficiency during free
swimming?

These questions apply equally to robotic fish, where stiffness-
tuning mechanisms already exist. Robots can tune stiffness offline
by swapping in/out passive stiffness elements (17, 18) or online by
using adjustable linear/leaf springs (19, 20), bilateral soft actuators
(21), artificial tendons (22), electrorheological modulation (23), or
cyber-physical motor braking (24). These studies showed how
stiffness-tuning mechanisms have pros and cons involving degrees
of freedom, compactness, simplicity, and modularity. They also
demonstrated how tuning stiffness can increase thrust production.
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It is still unclear, however, what stiffness-tuning strategies are best
and how they relate to swimming efficiency.

Using a combination of modeling and experiments, we quantified
the energetic benefits of tuning stiffness over a range of swimming
speeds. In particular, we found that tuna-like robots should tension
their tail joint with a force proportional to their speed squared. The
mechanism is analogous to a continuously variable transmission,
where a car improves its efficiency by tuning gear ratio with driving
speed. Our model explains how fish-like robots could emulate fish,
who use the same gait over a wide range of speeds (25), and why
robots with a fixed amount of flexibility may never surpass fish in
terms of performance.

RESULTS

Tuna tails inspire theory and experiments

with tunable stiffness

We chose tuna (family Scombridae) for our model organism, be-
cause they are high-speed, high-efficiency apex predators (26, 27).
Tuna have paired lateral tendons that pass from anterior muscles
through the tail joint (peduncle) and onto tail/caudal fin rays (Fig. 1A)
(28). As the sum force on these tendons increases, so too does the
effective stiffness of the tail (Fig. 1B). Muscles and tendons often
exhibit strut- or spring-like behaviors (29, 30), and we speculated
that a simple mechanical model could explain stiffness tuning in a
tuna-like robot as it pertains to performance.

Our biomechanical model recreates the basic stiffening response
of real tensioned tuna tails. The model treats the tuna as two parts:
a “head” that generates drag and a “tail” that generates thrust (Fig. 1C).
The front of the tail pitches back and forth and drives the lateral
heaving motions of the tail joint, and the tail joint supports a passive
fin that is tensioned by a muscle-inspired spring. In our model, in-
creasing the force on the spring (Ty) increases the effective torsional
spring coefficient of the tail joint (Fig. 1D).

To test our theoretical model, we built a tuna-like platform that
tunes its own tail stiffness using a motor-driven “muscle” (spring)
(Fig. 1E). As with the biological and theoretical tail joint, pulling
harder on the spring increases the torsional stiffness of the tail (Fig. 1F).
To test the platform over the wide range of kinematics seen in real
tuna, we built a custom actuator that pitches our robotic tail at high
frequencies (up to 6 Hz) while also tuning amplitude (0° to 35°) and
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Fig. 1. A tail with tunable stiffness was modeled after tuna. (A) In tuna tails, paired lateral tendons connect ante-
rior body muscles to rays of the caudal fin. (B) Simplified model: The tail is pitched back and forth at an angle 6y, and
the tail fin responds passively. (C) In our platform, a servo tightened a spring to adjust tail stiffness. The robot’s head

D Biological Tail Joint

We found that swimming speed and
efficiency (speed/input power) are
highly dependent on tail stiffness. At low
frequencies, swimming speed (u) rises
linearly with frequency (f) (Fig. 2A), as
it does in real fish (32). A linear fre-
quency-speed relation implies a con-
stant “stride length,” i.e., body lengths
traveled per tailbeat, or u/(ff) where £ is
body length. If stiffness stays constant
and frequency rises further, then stride

£

2 length and efficiency begin to decline
w‘“\“m i (Fig. 2A, right). To maintain high effi-
s ciency, stiffness must increase with swim-

0 ming speed. A robot could keep a look-up
table of optimal stiffnesses, but such a
black-box strategy would have limited
scope. We used our model to seek a
more physics-driven strategy—one that
could be used to explore biological varia-
tion and design new generations of robots.

Muscle/spring tension should scale
with swimming speed squared

To understand the patterns in efficiency
that we observed (Fig. 2B), we consid-
ered what dimensionless ratios appear
in our model. The amplitude of the tail
fin is known to correlate with thrust
(33). In our model, the lateral position
of the tail fin’s trailing/distal edge (yr)
behaves like a damped oscillator driven
by the prescribed motions [01(f)]

was fixed, whereas its tail was pitched by a driveshaft. (D) A dissected tuna tail exhibited behaviors of a tuned torsional

spring (see fig. S1 for other tails, N = 6). When a force (Ty) was applied to the lateral tendons, the restoring moment
of the peduncle rose faster with fin pitch angle (6¢). (E and F) The model and robotic tail also behave like tuned
springs (one-parameter fit to match tuna tail; eqs. S1.1 and S1.2). (G) A Scotch-yoke mechanism adjusted the frequency,

N 2(nC
Jr = _19653( Zdef+Tz)yF
48,

= 3L+ Caer) e + F(O2(2)) (1)

amplitude, and pitch bias of the driveshaft. An absolute encoder and a torque sensor recorded mechanical power

input. (H) The platform was suspended in a recirculating water channel (W: 380 mm x

could float in a horizontal plane because of a two-axis air bushing system. See Materials and Methods, movie S1,

sections S1.1 to S1.4, and figs. S1 to S6 for details.

pitch bias (0° to 20°) (Fig. 1G). Whereas real fish muscles both tune
stiffness and actuate fins (2, 13), our platform uses two separate sys-
tems (Fig. 1, E and G), which allows us to decouple active stiffness
control from locomotion.

Maintaining high speed and efficiency requires

tunable stiffness

To predict swimming speed and efficiency, we combined our bio-
mechanical model with thin airfoil theory (31), which gives the
forces and torques on heaving/pitching hydrofoils. We treated the
tail fin as a hydrofoil whose heave was prescribed by our actuator
and whose pitch angle responded passively on the basis of hydro-
dynamic forces and the spring tension (Ty;). To test the model pre-
dictions, we tested our tuna-like platform over a grid of tailbeat
frequencies and spring tensions (841 total trials) as it self-propelled
(Thrust = Drag) in a water channel (Fig. 1H).
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H:450 mm x L: 1520 mm) and .
where Cgeris the Theodorsen wake defi-

ciency function (34), F is a complex

function of the prescribed motions, S is

stride length, and 1 is a ratio relating

muscle tension and swimming speed
[t =y \}TM/(f;uz) where y is a constant and 2 is the tail fin
length; details in section S2.1].

The “scaled muscle tension” 1 is related to the Cauchy number,
which relates elastic forces to hydrodynamic forces (35). The ap-
pearance of 7 in Eq. 1 highlights its importance in the dynamics of
the tail fin. Adjusting 7 tunes the damped oscillator by changing the
spring-like term (first term on the right-hand side) and therefore
the resonant frequency of the system. Fish have previously been
modeled as driven oscillators (30), but here, we offer a direct link
between a controllable stiffness parameter (Ty;) and swimming per-
formance (e.g., efficiency).

Our model predicts that stride length (S) is a function of scaled
muscle tension (1) and peaks at an intermediate t value (Fig. 3A).
Free-swimming data from our rig corroborate this prediction: the
data cluster around a single S(t) curve with a local maximum near
1 =2.5 (Fig. 3A). Under this locally optimal condition, the oscillator
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Fig. 2. Swimming speed and efficiency depend on muscle tension and tailbeat frequency. (A) Left: Speed is maximized when both frequency and muscle tension are
high (contour plot interpolated from 841 points). Right: If muscle tension stays constant (Ty = 1.9 N), then stride length declines at high frequencies. Model is matched to
experiment with a one-parameter fit for tail fin thrust coefficient (Cr = 2.4; see section S2.1). (B) Left: Efficiency is maximized when muscle tension is tuned for a specific fre-
quency. Ideal tension at F = 6 Hz: 8.7 N (model), 7 + 0.3 N (experiment, *). Right: If muscle tension stays constant, then efficiency peaks at an intermediate frequency.

in Eq. 1 is at resonance (maximal tail amplitude), the stride length
and efficiency are maximized, and the tail fin’s pitch angle lags its
heave by = 90° (Fig. 3B). These results are consistent with previous
work: Swimming at resonance maximizes stride length in, for example,
robotic lampreys (36), and an optimal phase lag of 90° has been ob-
served in hydrofoils with fully prescribed motions (37, 38).
According to our model, an efficient swimmer should tune its
stiffness to stay at the t value yielding the highest stride length. To

stay at one value of t (y\Tw/ (E;uz)), the muscle/spring tension must
increase with swimming speed squared (Ty; ~ u”). Under this con-
dition, stride length is constant, so tension must also increase with
frequency squared. This result explains why the ridge of peak effi-
ciencies exists near a curve where Ty ~ f* (Fig. 2B). In classic elasticity
theory, resonant frequencies scale with the square root of stiffness
(39). In our model, the swimming speed and the resonant frequency are
coupled, causing a speed-dependent optimal muscle/spring tension.

Nonlinear wakes induce extra energy costs at
high stiffnesses
At high frequencies (f > = 4 Hz), the model begins to overpredict
the optimal muscle/spring tension (by 24 + 5% at 6 Hz; Fig. 2B). To
understand why, we used particle image velocimetry (PIV) to map
the three-dimensional (3D) flow around our robotic tail (28 stitched
layers of cycle-averaged stereo-PIV). On the basis of our efficiency mea-
surements, we considered three cases of scaled muscle tension (t): one
below peak efficiency (“too soft,” T = 1.88), one at peak efficiency (“ideal,”
T =2.68), and one above peak efficiency (“too stiff,” t = 3.96) (Fig. 3A).
As stiffness increases, more vorticity sheds into the wake of the
robot’s tail fin. As the muscle pulls harder, the maximum angle of
attack increases, and the leading edge vortex (LEV) becomes stronger
and more detached from the tail fin (Fig. 3C). LEVs are prone to
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detachment at high angles of attack (40), like those present when the
tail fin is overstiffened. Attached LEVs can cause transient bursts of
thrust (41), but detached LEV's can decrease efficiency (42, 43). In
the too stiff case, the W-shaped LEV detaches fully and morphs into
aring (Fig. 3C). These wake structures contain lateral kinetic energy
that could otherwise have been spent on thrust. Such severe detach-
ment was not present at low frequencies (fig. S9). Despite these
wake effects, which slightly shift the optimal muscle/spring tension
at high frequencies, the physics-driven tuning strategy (Ty ~ °) still
leads to near-optimal efficiencies (within 5% of the highest efficien-
cy observed at 6 Hz; Fig. 2B).

Real-time stiffness tuning increases swimming efficiency

in multispeed missions

To quantify the energetic advantages of stiffness tuning, we tested
our platform’s ability to carry out multispeed missions. We hung
the platform from air bushings so it could move forward and back-
ward (Fig. 1H) and then had it maintain its position against the flow
using a proportional-derivative (PD) controller to modulate tailbeat
frequency. The flow was ramped up from 0.1 to 0.65 m/s (0.3 to 2 £/s)
over 15 min, simulating a 200-m multispeed mission (Fig. 4A). To
test the robustness of stiffness tuning, we also added a left-right axis
of air bushings so that the platform would recoil laterally (mission 2),
programmed the platform to maneuver in a serpentine route (mis-
sion 3), and increased its tailbeat amplitude by 33% (mission 4).
While swimming, the robotic tail tuned its muscle tension based on
what was estimated to optimize efficiency (Fig. 2B). For comparison
cases, we fully de-tensioned the spring (T effectively zero; “loose”),
bolted the tail fin to the tail joint (Ty effectively infinite; “rigid”),
and imposed a fixed spring tension chosen for its high efficiency
(Ty = 5.5 N; “medium”).
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Fig. 3. Dimensional analysis and flow visualization reveal how muscle/spring tension affects dynamics. (A) Our
model (black line) predicts that the scaled muscle tension (1) determines the stride length (S) and thus the efficiency
(see section S2.2). Experimental data (colored circles) support these predictions. Model is matched to experiment
with a one-parameter fit for thrust coefficient (Cr = 2.4; see section S2.1). Shaded gray band shows the sensitivity of
the fit (Cr + 50%). (B) Three values of 1 highlight differences in kinematics: too soft (t =1.88), ideal (t = 2.68), and too
stiff (1 =3.96) (f=5Hz; Ty = 1.6, 5.3,and 10.6 N). Tail fin traces illustrate how the phase relationships affect amplitude.
(€) Increasing stiffness leads to higher angles of attack and a stronger, more detached LEV. Q-criterion isosurfaces are
colored by dorsoventral vorticity (w,). Inserts: Top view of one slice at the tail fin's quarter span. See Materials and

Methods and movie S2 for PIV details and animations.

In all cases, swimming was more efficient when stiffness was
tunable rather than fixed. In the loose and rigid cases, the platform
could not even reach the high speeds later in the mission (Fig. 4B).
The medium case led to high efficiency by the end of the mission
but low efficiency earlier in the mission (Fig. 4C). Only by tuning
stiffness could the robot maintain a constant t (Fig. 3A) and capture
the benefits of flexibility over the full range of speeds. Tuning stiff-
ness saved 16, 41, and 55% energy compared with the medium, rigid,
and loose cases, respectively. Savings were comparable in the more
complex missions (Fig. 4D). Although our model assumes a uni-
form incoming flow and small angles, it captures the basic trends of
missions 3 and 4, where the platform maneuvered laterally and its
tip-to-tip tail fin amplitude was 36°.

Tuning stiffness is most beneficial for high-frequency robots
Motivated by the energy savings we observed, we wondered how
these savings scale with frequency and size according to our model.
We considered fish-like robots with a maximum tailbeat frequency
fnax and a tail fin length €. Then, we calculated the average efficiency
across frequencies ranging from 0 to fin.x—first assuming the fixed
stiffness that led to the highest average efficiency and then assuming
tunable stiffness. We capped muscle tension at 240 N based on the
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trends to those observed on our platform
(Figs. 2, A and B, and 5B), and the esti-
mated energy savings of tuning stiffness
were comparable with those predicted
by our model (17 + 5 versus 16%).

DISCUSSION
Our model and experimental data cor-
roborate the same prediction: If stiffness
does not increase with swimming speed
squared, stride length and efficiency de-
crease. Although our robotic tests cannot
prove whether fish use a particular tuning
strategy, they offer a parsimonious ex-
planation for trends observed in nature.
In longnose gar (Lepisosteus osseus),
artificially reducing stiffness caused fish
to lower their tail-beat frequency (44). In pumpkinseed sunfish
(Lepomis gibbosus), reducing stiffness led to lower swimming speeds
at the same tail-beat frequency (45). Only by tuning stiffness could
our platform and Tunabot maintain a linear frequency-speed relation
and a plateaued frequency-efficiency relation using a single gait (Figs. 2
and 5B)—features that appear across several fish taxa (25, 32, 46-49).
Many aquatic vertebrates have caudal tendon arrangements analo-
gous to that of tuna (28). Even sharks, distant relatives of tuna, are
thought to stiffen their tail at high frequencies using their radialis
muscle (50). Tuning stiffness may therefore be a widespread con-
straint for aquatic animals, which produce similar flexion ratios across
a wide range of scales and speeds [e.g., clownfish up to humpback
whales (51)]. Tuning is probably less important for small, low-
frequency fins, where even a fixed stiffness can be near-optimal
according to our model (Fig. 5A). Very large fins may also have
limited use for tuning if the optimal stiffnesses are unattainable on
the basis of available muscle strength (Fig. 5A). Although our savings
estimates were based on tuna, this size constraint is likely more general,
because the required tensions outpace strength as size scales up [modeled
optimal tension scales with 2% muscle force scales with €2 (52)].
Although our stiffness-tuning model was inspired by tail fins, it
could offer design insights to other fins or fluid-embedded devices.
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Fig. 4. Tuning stiffness saved energy across all missions. (A) The platform used
closed-loop control to stay on its goal path [onboard PD controller in a microcon-
troller unit (MCU)]. (B) Tuning stiffness let the platform finish its mission faster. In
the loose and rigid cases, speed plateaus during the mission. (C) Fixing stiffness led
to inefficient mission segments. Only by tuning stiffness could the robotic tail max-
imize efficiency throughout the mission. (D) Tuning stiffness led to less energy
drain in all four missions. Storage capacity of a AAA battery (= 6 kJ) is shown for
reference. See Materials and Methods and movie S3 for details.

If the tendons were modeled on the side of the propulsor, rather
than the leading edge, then the model could potentially approximate
the pectoral fins of ray/skate-inspired robots, where the relative im-
portance of active and passive control is an open question (53, 54).
Cantilever-based energy harvesters are also known to benefit from
tunable stiffness, especially in dynamic flow environments (55, 56).
Because our model is derived from thin airfoil theory, it may be
particularly relevant to harvesters that harness the aeroelastic vibra-
tions of passive wings (57) or fluttering flags (58). In general, models
that link stiffness tuning with performance can be used to produce
known optimal kinematics (3-7) with existing stiffness-tuning
mechanisms (19-24).

Regardless of how well our results apply to other systems, their
implications for tuna-inspired robots are clear: Tuning flexibility is
critical for efficient, multispeed operation. The latest tuna-inspired
robots have huge frequency ranges: 0 to 15 Hz for Tunabot (9) and
0 to 20 Hz for iSplash (11). These vehicles may need to cruise for
miles from a coastal outpost or ship and then slow down to navigate
a coral reef or a narrow corridor. For these multifrequency, multi-
speed swimmers to maintain high efficiency, tuning flexibility may
be as important as flexibility itself.
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MATERIALS AND METHODS

Tuna tailfin joint stiffness tests

To measure the tail joint (peduncle) stiffness of tuna tails, we simu-
lated loads on vertically mounted tuna tails (n = 6; fig. S1). For each
tail, we dissected the peduncle to expose the lateral tendons and
then hung weights from the tendons to prescribe the tendon tension
(Tw). For each tension, we attached a second set of weights to the
centerline distal tip of the caudal fin to simulate a lateral force (Fc).
To account for fin asymmetries, we defined Fc = 0 where there was
no lateral displacement.

The torque applied to the tail fin was €j,se;Fc, where €1,¢; Was the
perpendicular distance from the applied load to the axis on which
the tail fin was mounted. For each combination of tendon tension
and lateral force, we measured the displacement of the tail fin’s cen-
terline distal tip (Ad) using a laser distance sensor (+0.01 mm; fig.
S1C). The corresponding approximated tail fin pitch angle was 6z =
tan " (Ad/8aser). Each test was repeated three times.

Tuna-inspired platform design and fabrication

The basic shape of our platform follows our previous work on
dorsal-caudal fin interactions (59), where we used videos of real yel-
lowfin tuna to reconstruct a high-fidelity 3D model (60). We then
simplified the surface shape and removed the keel, large dorsal fin,
anal fin, pectoral fin, and finlets to isolate the effects of the tail fin.
Our resulting reduced-order model is based on 11 critical measure-
ments of the original high-fidelity tuna model and scaled to a whole-
body length € of 350 mm (fig. S2).

Our model was 3D-printed in parts: a fixed head, a tail frame, a
tail shell, a tail joint, a tail fin connector, and a tail fin (fig. S2C). All
parts except the tail joint were 3D-printed in nylon because it is
naturally waterproof. To further waterproof the platform, we used
silicone gel to seal the gap between the tail frame and shell (fig. S2C).
The tail joint and tail fin connector were 3D-printed in stainless
steel because of the high expected cyclical stresses.

To control the stiffness of the peduncle in real time, we installed
a high-torque digital servo (Hitech HS-7245MG) inside the tail frame.
The servo pulled on a polyethylene line (Spectra, 9.07-kg maximum
load), which pulled on a linear spring, which pulled on the tail fin
connector. The servo thus acted like an axial tendon that increased the
effective torsional stiffness of the tail joint. Although real tuna have
skeletal structures that limit tail joint angles, we omitted a mechanical
stop to avoid any artificially imposed constraints on tail fin kinematics.

Tuna-inspired platform: Tethered testing protocols

To test the swimming performance of the tuna-inspired platform,
we built a custom rig that suspended the platform into the 380 mm-
by-450 mm-by-1520 mm (W x H x L) test section of a closed-loop
water channel (0 to 1 m/s; Rolling Hills 1520). We used the rig
for traditional force measurements, variable-speed semiautonomous
missions, and 3D PIV.

To determine the platform’s swimming speed, we used a Newton-
Raphson zero-finding scheme. On the basis of preliminary tests of
the actuator, we chose steady swimming speeds ranging from 100 to
700 mm/s (0.29 to 2 full body lengths/s) with 50-mm/s intervals. For
each speed, we set the water channel to that speed and then sought
the tailbeat frequency (f) that caused net thrust (T) to be zero. The
head of the platform was mounted independently from the tail, so
the net thrust is the sum of the drag on the head (section S1.4) and
the cycle-averaged streamwise force on the tail. After two initial
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Fig. 5. Tunable stiffness is most beneficial for high-frequency robots. (A) Our model predicts that the benefits of tuning stiffness increase with frequency range, so
long as robots are strong enough to produce the optimal stiffnesses. In platforms like ours (#), or robots like Tunabot (A ), the model predicts efficiency savings up to 20%.
Existing fish-like robots () and high-frequency fish (e) are shown for reference. Avatar descriptions are in table S1. (B) With fixed stiffness, Tunabot shows nonlinear
speed-frequency and efficiency-frequency dependencies that are similar to those of our platform (Fig. 2, A and B). See section S1.5 for details.

guesses for f, the zero-finding scheme chose the next frequency as
the intercept of a f(T) line fitted through the two guess cases. This
process repeated until the net thrust was lower than 5% of the static
drag of the tail.

Each iteration of the scheme consisted of a standby period (10 s),
a warm-up period (5 s), an effective data period (20 pitching cycles),
a cool-down period (5 s), and a position neutralization period (fig.
S4). The scheme repeated at each swimming speed, and each speed
was repeated with 18 different spring tensions. Cases were omitted
if the desired speed was unattainable at the maximum tailbeat
frequency. Every combination of speed and tension was tested five
times. The result is a function mapping frequency and stiffness to
speed [u(f, Tw); Fig. 2A].

To determine the platform’s swimming efficiency, we divided
speed by the average mechanical power consumption of the motor:
€ = u/P motor- This ratio gives a measure of the model’s range or
distance traveled per unit energy. To estimate average mechanical
power consumption, we derived an expression for motor power as
a function of tail fin kinematics (section S$1.3). The result is a func-
tion mapping frequency and stiffness to efficiency [E(f, Tm); Fig. 2B].

Tuna-inspired platform: Untethered testing protocols

To simulate more realistic missions (Fig. 4 and fig. S7), we used air
bushings to allow the platform to move freely in the horizontal plane.
The bushings glided along horizontal stainless steel rails while two
laser distance sensors measured the carriage’s x and y position (fig.
S6, A and B). Four independently controlled linear actuators raised/
lowered each corner of the carriage support frame (1204 leadscrews
with NEMA 57 stepper motors and braking clutches). We used the
actuators to level the air bushing system to within +0.001° before
each experiment. The bushings were present in the speed and effi-
ciency measurements (Fig. 2), but they were turned off and there-
fore nonfunctional.

To reduce extraneous forces on the carriage, we designed the
system to be wireless. The carriage carried a battery and an onboard
controller that transmitted all inputs/outputs wirelessly (Arduino
Mega 2560 + XBee; ATI F/T wireless). The carriage carried a compressed
air tank for the bushings (4500 psi, 1.47 liters), which it regulated

Zhong et al., Sci. Robot. 6, eabe4088 (2021) 11 August 2021

with a programmable solenoid valve. We avoided latency differences
between data channels by synchronizing all measurements on a
custom A/D circuit before they were transmitted to our control PC
(OMEN 870) (fig. S6C).

We used our air bushing setup to simulate four free-swimming
missions. In each mission, the speed of the water channel increased
from 0.1 to 0.65 m/s in intervals of 0.025 m/s. At each speed, the
platform swam 9 m, resulting in a total distance of 207 m (the longest
mission possible on one compressed air tank). The platform kept up
with the incoming flow by controlling its frequency with an onboard
PD controller (kp = 0.05 Hz/cm, kp = 2.53 Hz/cm per second).

The four missions were designed to test the robustness of the
stiffness-tuning strategy; each considered a different modification
(fig. S7C):

1) Mission 1. Streamwise (fore-aft) air bushings on. Platform is
free to move forward/backward. A PD controller maintained the
platform’s speed by modulating frequency.

2) Mission 2. All air bushings on. Platform is free to move forward/
backward/left/right. A second PD controller (kp = 1° cm™Y kp =
1.18°s cm™") kept the platform centered in the channel by modulat-
ing pitch bias.

3) Mission 3. All air bushings on. A second PD controller kept
the platform on a serpentine route [ygoq = 10 sin (0.1xt) cm] by
modulating pitch bias.

4) Mission 4. All air bushings on. Tailbeat amplitude is 33% higher
than missions 1 to 3. A second PD controller kept the platform cen-
tered in the channel by modulating pitch bias.

If the platform was unable to keep up with the flow, then the flow
was coerced to the highest attainable speed. The loose stiffness case
reached a maximum speed of 0.275 m/s, the rigid stiffness reached
a maximum speed of 0.475 m/s, and the medium stiffness reached
the highest requested speed (0.650 m/s) (fig. S7C). Speed limits
were predetermined on the basis of Fig. 2A at 5.0 Hz so that unat-
tainable speeds were not requested during the missions.

3D flow visualization
To visualize the flow around the platform, we captured 14 layers of

stereo-PIV. The laser sheet stayed stationary while the leveling system
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raised/lowered the carriage. The first layer was 5 mm (+2.5 um) below
the platform’s midline, the next layer was 10 mm below the midline,
etc. To avoid the wake of the driveshaft, we mirrored the bottom
layers across a horizontal plane at the midline. The flow was seeded
with neutrally buoyant seeding particles (polyamide, average diameter
of 12 um), which were illuminated by two overlapping laser sheets
to avoid a tail shadow (5 W RayPower MGL-W-532; 10 W CNI
MGL-W-532A). Two cameras beneath the channel recorded 2956
pixel-by-1877 pixel images of the particle motions (Phantom,
SpeedSense M341).

To synchronize the cameras, we coupled a trigger signal with the
encoder on the driveshaft. For each flow condition, the generator
signaled the cameras to capture 40 equally spaced phases within each
of 25 consecutive pitching cycles. The images were analyzed by an
adaptive PIV algorithm (Dantec Dynamic Studio 6.5) using inter-
rogation windows ranging from 16 pixels by 16 pixels to 64 pixels
by 64 pixels with a 32 pixel-by-32 pixel grid step size. When creating
wake isosurface plots (Fig. 4), we phase-averaged across pitching
cycles. The phase averaging as well as the merging from 2D to 3D
and the vorticity calculations were performed in MATLAB (2019a),
and the 3D vorticity plots were created in Tecplot (2017R2).
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