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ABSTRACT
The California sea lion (Zalophus californianus) produces

thrust with its foreflippers when swimming. Sea lions adduct
their foreflippers against the body, creating propulsive bursts
that are well suited for hunting in the littoral zone. While these
bursts have been studied kinematically, it has also been noted
through observations that sea lions use their foreflippers stat-
ically, like fixed airplane wings, to generate torques needed
for extremely agile maneuvers. A mechanical portrait of these
morphological functions—and their connections to how evo-
lutionary changes have resulted in an idealized airfoil struc-
ture for the flipper—remains incomplete. We find that a static
model of a foreflipper performs remarkably like an optimized
fixed airplane wing, despite having no obvious primary propul-
sive purpose. Here we show aerodynamic forces and surface
flow streamlines generated by the flipper, while acting as a
fixed wing. The flipper takes advantage of three-dimensional
flow and known vortical structures commonly found on swept
wings for lift generation. We found that the static flipper pro-
duces lift over a wide range of angle of attack, including a net-
negative angle. Unlike leading-edge structures found in other
aquatic mammals, the trailing edge geometry does not delay
stall and has no effect in a static sense. Our results demonstrate
that to accomplish both fast, forward swimming and highly
agile maneuvers, California sea lions use their foreflippers to
produce force in two distinct modes: unsteady abduction to
produce forward thrust, and the newly discovered steady, fixed
wing to produce a rolling torque around their center of mass
for maneuvering.

INTRODUCTION
The California sea lion (Zalophus californianus) swims

through the water by moving its large, protracted foreflip-
pers from above its head into a position abducted against
its abdomen (Friedman & Leftwich, 2014). This is differ-
ent from most high-performance aquatic mammals (dolphins
(Rohr et al., 1998; Fish & Rohr, 1999), humpback whales
(Fish & Battle, 1995)) and fish (tuna (Anderson & Chhabra,

2002) and sharks (Oeffner & Lauder, 2012)) that generate
thrust by moving their fluke or caudal fin—their posterior ap-
pendages. There is a large body of work on this type of un-
steady, body caudal fin (BCF) propulsion. While this paper
cannot offer a comprehensive literature review of the propul-
sive forces of swimming, reviews are offered by Sfakiotakis,
et al. Sfakiotakis et al. (1999) and Smits Smits (2019).

Sea lions typically produce thrust by using their foreflip-
pers in a motion called a ‘clap’—quickly moving them as a
pair from above their head into their abdomen. This causes a
jet of fluid to move in one direction, and the sea lion to move
in the other, a principle consistent with the conservation of
momentum. The process is detailed in Godfrey (1985), Feld-
kamp (1987a,b) and Friedman & Leftwich (2014). Following
this motion, the animal glides through the water with its fore-
flippers pressed tightly against its abdomen, minimizing drag
during the recovery phase, until it either changes direction or
initiates another clap to accelerate further.

This maneuver is executed through the precise coordina-
tion of the animal’s foreflippers and body segments. The sea
lion’s propulsive stroke cycle consists of three phases: recov-
ery, power, and paddle, as described in Drago et al. (2024)
Drago et al. (2024). In the recovery phase, the foreflippers
aligns with the flow and extend laterally to minimize drag.
The power phase involves pulling the flippers beneath the body
while orienting them toward the direction of movement. Fi-
nally, in the paddle phase, the flippers align with the motion
before settling streamlined alongside the body.

During continuous, straight swimming, sea lions oscil-
late their foreflippers to propel themselves forward without
the assistance of collapsed hind flippers, which trail passively.
In maneuvers such as turning and leaping (porpoising), the
hind flippers spread into a delta-wing configuration Leahy &
F. E. Fish (2021). It is rare for the foreflippers to be extended
into the water as the animal moves forward (like the pectoral
flippers of the humpback whale or bottle nose dolphin, for ex-
ample (Fish & Rohr, 1999)). However, the shape of the sea
lion foreflipper strongly resembles the fixed wing of an air-
plane (figure 1a), despite not generating thrust in the same
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Figure 1: (a) An excised right foreflipper of a deceased
adult female California sea lion that shows the ventral
side. The smooth edge (left) is the leading edge of the
flipper, while the crenelated side (right) is the trailing
edge. (b) A sea lion completes a banked turn by us-
ing the lift generated from the foreflippers operating in
a static manner. (Credit - Mark Harris)

manner.
In addition to their unique thrust production, sea lions are

also highly maneuverable and flexible aquatic mammals. Ma-
neuverability is crucial to the performance of fast-swimming
marine mammals that employ rapid turns to capture prey.
Overhead video recordings of sea lions turning in the horizon-
tal plane revealed that unpowered turns were executed through
body flexion along with the use of the pectoral and pelvic flip-
pers, which acted as control surfaces Fish et al. (2003). They
are capable of creating complex shapes with their bodies, in-
cluding touching their hindflippers to their nose by bending
both backwards and forward. In addition, their spines are flex-
ible not only front-to-back but also side-to-side. This flexibil-
ity makes sea lions highly maneuverable while navigating the
water (Godfrey, 1985; Fish et al., 2003). This maneuverabil-
ity is desirable for hunting prey and navigating kelp forests or
other complex aquatic environments (Fiscus & Baines, 1966);
however, it requires that the animal produce forces in addition
to simple forward thrust. One way that sea lions do this is by
producing a lift force with one extended foreflipper to cause a
torque about the animal’s center of mass (see Fig. 1b).

California sea lions have the longest foreflipper of any
pinniped relative to their bodylength (BL) with its length vary-

ing from 27% to 34% of the total BL. Such unusually long
propulsive surfaces have been linked to being responsible for
increased maneuverability in animals (Fish & Battle, 1995;
Edel & Winn, 1978). Furthermore, the cross-sections of the
foreflippers strongly resembles the shape of a cambered air-
foil (see Fig. 2(a)). This shape is not beneficial for the thrust-
producing clap motion. However, is needed for the forces
needed to complete the complex maneuvers described above.

In this paper, we investigate the foreflipper’s performance
as a ‘wing’ by looking at flow separation as a function of angle
of attack as well as the coefficients of lift and drag. We fur-
ther investigate the effect of the trailing edge structure in the
fixed wing-like mode by testing an anatomically correct flipper
model and an altered model—with the trailing edge smoothed
with an ellipse. Furthermore, we compare our results to the
well-studied humpback whale flipper (Miklosovic et al., 2004;
Aftab et al., 2016), which operates in a fixed method. This
paper will explore their ability to produce the forces needed to
create complex underwater maneuvers.

EXPERIMENTAL METHODS

Foreflipper models
The models tested are derived from high-resolution laser

scanning (Friedman et al., 2015) of the right foreflipper of
a deceased adult California sea lion female (see Fig. 2(a)).
Two models were tested: an anatomical model that retains the
geometry of the scanned flipper, and a smooth model. The
smooth model is a modification of the anatomical model. For
this model, the trailing edge is smoothed by choosing an el-
liptical curve that gives the best approximation of an ellipsoid
planform (see Fig. 2(b))). The anatomical and smooth models
are scaled to 65% of the full-size flipper but maintain geomet-
ric similarity everywhere. The flippers are printed in Acryloni-
trile butadiene styrene (ABS) using Stratasys Fortus 250mc
(Stratasys, Eden Prairie, MN). The models are sanded down
extensively using sandpaper (from 200 to 2000 grit) to remove
striations formed during the additive manufacturing process.
Thin coats of black primer and paint are applied to the model
to remove any remaining surface imperfections. The flipper
has a natural twist to it, as seen in Fig.. 2(a), lower panel. The
average angle of attack over the entire span of the flipper is
zero.

Wind tunnel experiments
Aerodynamic measurements and surface flow visualiza-

tion are carried out in a low speed, open return wind tunnel
with a 9:5:1 contraction ratio, where the flow is generated by
a five blade fan that can operate safely at a rate of 2300 rpm.
The test section has observation windows on either side and is
0.6 m long, 0.3 m wide and 0.3 m high. The wind tunnel can
operate up to air speeds of 65 m/s with a turbulence intensity
of less than 0.2%. Force measurements are conducted over five
Reynolds numbers between Re1 = 60,000 and Re2 = 148,000
based on the incoming velocity, U , mean chord length, c, and
the kinematic viscosity, ! . This range is dynamically simi-
lar to a California sea lion swimming at speeds of 0.4 and 1
BL/s, respectively (where 1 BL = 1.88 m, is the body length
of the sea lion from which the foreflipper was extracted). Lift
force, L, drag force, D, and pitching moment, M, are measured
simultaneously using a three-axis force sensor (Aerolab three
component pyramidal balance) mounted below the test section
and connected to the flipper model through a sting apparatus.
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Figure 2: Foreflipper models. (a) Closeup of the dorsal
and ventral side of the foreflipper along with variation
in cross-sections and angle of attack across the span. (b)
Modified smooth foreflipper.

All force measurements are time-averaged over a sufficient du-
ration to ensure statistical convergence of the results.

Surface oil flow visualization (SOFV) is carried out by
coating the suction surface of the foreflipper model with a mix-
ture of finely powdered pigment and an oil medium. This tech-
nique, extensively described by Maltby & Keating (1962), in-
volves coating the surface of the object with a thin film of oil
which develops a streaky pattern when a fluid flows past the
object, carrying the oil with it. For the black paint coated 3D
printed sea lion flipper, a mixture of titanium oxide, kerosene
and oleic acid (used as an anti-coagulant) is mixed in the ratio
of 5:8:1. After a running time of 5 minutes, the low viscosity
oil evaporates and leaves behind a detailed pattern that can be
analyzed for features such as transition from laminar to turbu-
lent flow, flow separation, and reattachment. The brighter re-
gions on the foreflipper denote areas of low shear stress where
the fluid becomes trapped near the surface. Low viscosity
oils such as kerosene, light diesel oil, and light transformer
oil are recommended for use in low wind speed tunnel test-
ing (Merzkirch, 1987), as they respond well to the relatively
weak aerodynamic forces present at low flow speeds. The
choice of pigment depends on the contrast provided against the
background, with common options including titanium diox-
ide, ground chalk powder on a dark surface, or lampblack on
a white surface. The addition of oleic acid, an anti-coagulant,
prevents the pigment from forming lumps and controls the ex-
tent of flocculation. The mixture is perfected through trial and
error until the streaks form a contrasting and detailed pattern,
and is then applied uniformly on the suction side of the flipper
using a foam brush.

Four tests are conducted on the anatomical flipper model
at Re2 = 148,000 at angles of attack of ∀ = -8 →, 0→, 16→ and
20→. The model is removed from the test section after each run
to photograph the resulting surface oil flow patterns. Three tri-
als are conducted at each angle of attack to verify repeatability,
and the results are confirmed to be consistent across all trials.
The wind tunnel is operated at Re2 = 148,000 based on the
mean chord length of the foreflipper for all visualization runs.

Particle Image Velocimetry (PIV) is used to investigate
the flow field around the anatomical foreflipper at Re1 =

60,000. The flipper is mounted vertically in the test section
(2.44 m ↑ 0.91 m ↑ 0.36 m) of an open-end wind tunnel. The
tunnel is seeded with a rocket fogger (LaVision UK, Ltd) that
releases fog based on a combination of water and glycerin with
an aerodynamic diameter of 0.2↓ 0.3 µ . A Litron PIV 50-
50 laser (Litron Lasers, Warwickshire, England) is projected
through internal optics to create a horizontal light sheet ori-
ented perpendicular to the semi-span of the flipper. The laser
sheet illuminates tracer particles within the flow, enabling the
velocity field to be reconstructed from successive image pairs
captured at short time intervals. For details on the wind tun-
nel and PIV setup, the reader is referred to Parker & Leftwich
(2016).

Four horizontal planes located at 20%, 40%, 60% and
80% of the semi-span are imaged near the suction side of the
flipper using an Imager sCMOS camera (LaVision UK, Ltd)
at angles of attack of ∀ = -6→, 0→, 4→, 10→ and 20→. Measure-
ments very close to the surface of the flipper are difficult to
obtain due to bright reflections arising from the complex cur-
vature of the three-dimensional geometry over the span. To
overcome these issues, the model is first coated with black
paint and then with an in-house fluorescent paint, consisting
of a mixture of Rhodamine B, ethanol, and transparent acrylic
paint, to attenuate reflections from the surface. Rhodamine B
has a strong absorption band near the wavelength of the laser,
while its emission occurs in the red wavelength regime. This
characteristic optical property of Rhodamine B, coupled with
a 532 nm bandpass filter placed in front of the camera, al-
lows the imaging system to effectively filter out orange and
red-light reflections originating from the model surface. Since
the absorption efficiency of Rhodamine B degrades with re-
peated exposure to the laser, a thin layer of Dykem Steel Red
layout fluid is reapplied to the surface as needed between runs.
The combined use of Rhodamine (Paterna et al., 2013) and
Dykem (Perce & Lu, 2011) to attenuate near-surface reflection
intensities has been well documented individually in the lit-
erature, but their application together on the same model as a
complementary combination has not previously been reported.
It was found that applying a thin coat of Dykem between runs
on the Rhodamine-coated model helps preserve the absorption
qualities of the fluorescent mixture over the course of the ex-
periment.

RESULTS AND DISCUSSION

Force measurements
The aerodynamic performance along with the efficiency

curves of the anatomical foreflipper model (see figure 4a-c)
indicate strong aerodynamic performance and trends similar
to that of conventional airfoils and wings as predicted by fixed
wing theory (Anderson Jr, 1991). At all Reynolds numbers,
the anatomical flipper stalls at a relatively high angle of attack,
∀ = 16→, with a maximum lift coefficient (CL = L/ 1

2 #U2A
where L is the measured lift force in Newtons, and A is
the projected area of the suction side of the flipper model),
CLmax = 1.215±0.007 occurring at the highest Reynolds num-
ber, Re2. The value of CL increases with increasing Reynolds
number for each angle of attack. However, the highest three
Reynolds numbers tested are nearly identical, and it is assumed
that there is no significant Reynolds number dependence above
Re = 100,000, which is equivalent to a swimming speed of
0.681 BL/s (see figure ??a). A reverse trend is found for the
drag coefficient, CD = D/ 1

2 #U2A where D is the measured
drag force in Newtons, except that at lower angles of attack,
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Figure 3: The flipper models are mounted low speed open return wind tunnel with a 9:5:1 contraction ratio.

there is a greater dependence on Reynolds number on CD (see
figure 4b).

Figure 4c shows the aerodynamic efficiency of the
anatomical flipper model, where increasing aerodynamic ef-
ficiency is observed with increasing Reynolds number, al-
though, as expected, the dependence weakens at higher
Reynolds numbers. The flipper model has an aspect ratio (AR
= Semi-Span/Projected flipper area) of 3.1, which is relatively
high compared to many biological propulsive surfaces. This
high aspect ratio plays an important role in the overall aero-
dynamic performance of the flipper, as it serves to minimize
induced drag, which is produced as a consequence of lift gen-
eration by a finite wing. As a result, the flipper achieves an
improved lift-to-drag (L/D) ratio compared to lower aspect ra-
tio propulsive surfaces (Anderson Jr, 1991), suggesting that
the high aspect ratio foreflipper geometry of the California sea
lion is well adapted for efficient hydrodynamic force genera-
tion during swimming.

Figures 4d-f show the same data as figures 4a-c, but for
the smoothed flipper model (see figure 2b). The curves are
very similar to those for the anatomical flipper. Note that
for all curves in figures 4a-f, errors are shown in the shaded
area around the data line. The bottom row panels for fig-
ure 4 shows the difference in CL (g), CD (h) and L/D (i) be-
tween the anatomical model and the smooth model (!CL =
CL,anatomical ↓CL,smooth, !CD =CD,anatomical ↓CD,smooth, and
!L/D = L/Danatomical ↓L/Dsmooth). !CL and !CD have val-
ues very close to zero for the entire measurement space. There
is not a significant different in !CL with the smooth flipper pro-
ducing slightly more lift than the anatomical flipper. For the
!CD case, the anatomical flipper produces less drag than the
smooth flipper from around ↓4→ to stall at the lowest Reynolds
number and from 8→ to stall at the highest Reynolds number
tested. This is evident in the lift over drag ratio (figure 4i)
where the performance of the anatomical flipper is on par with
or slightly better at high ∀ while the smooth flipper has a con-

siderably better performance at low to moderately high ∀ (note
that the scale is an order of magnitude larger for !L/D than
!CL and !CD). Thus, while the trailing edge crenulations do
not help in delaying stall (as in the case of the leading edge
tubercles of humpback flippers (Fish & Battle, 1995)), the flip-
per geometry for the sea lion as a whole exhibits good aerody-
namic performance.

Contrary to studies suggesting that the angle of attack
of propulsive surfaces should be small to avoid separation of
flow and eventually stall for mammals using lift-based propul-
sion(Fish, 2001), we find that these flippers produce positive
lift over a wide range of angles of attack before encountering a
gradual stall around ∀ as high as 16→. This gradual stall behav-
ior, rather than an abrupt loss of lift, suggests that the complex
three-dimensional geometry of the foreflipper may play a role
in delaying flow separation and extending the effective operat-
ing range of the flipper. In addition, while exhibiting the be-
havior of a fixed wing at moderate to high Reynolds numbers,
the flipper also produces positive lift at significantly negative
angles of attack, from ∀ as low as ↓5→, due to the overall ef-
fect of camber on the incoming flow. This ability to generate
lift across such a broad range of angles of attack highlights the
aerodynamic versatility of the California sea lion foreflipper as
a propulsive surface.

Fish & Lauder (2017) suggest that the propulsive sur-
faces of most aquatic vertebrates are nearly symmetric in
cross section. Earlier studies by Feldkamp (1987a), Fish
(2004) and Castellini & Mellish (2015) did not have the ben-
efit of three-dimensional laser scanning and concluded that
the cross-sections of the sea lion foreflipper were symmetric.
However, high-resolution scans of the flipper reveal that the
cross sections strongly resemble cambered airfoils (figure 2a).
These cambered airfoil cross-sections, with a maximum cam-
ber ranging from 2-9%, indicate evolutionary favoritism to-
wards passively producing lift as a default mechanism, even in
the absence of active muscular control. Figure 2a also shows
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Figure 4: Aerodynamic forces (CL, CD, L
D ) generated on the anatomical (a-c) and smooth flipper (d-f ). Difference in lift

coefficient (g), drag coefficient (h), and aerodynamic efficiency (i) between the anatomical trailing edge flipper and the
smooth trailing edge flipper where !CL,!CD,! L

D = (!CL,!CD,! L
D )anatomical ↓ (!CL,!CD,! L

D )smooth

the variable change in the local angle of attack for the differ-
ent cross-sections of the flipper, which decreases progressively
from root to tip. This geometric twist allows the root to stall
before the tip, thereby avoiding instability in roll during ma-
neuvering. When coupled with the aerodynamic twist stem-
ming from the variable change in thickness and camber along
the span, the overall flipper geometry promotes an optimal
elliptical lift distribution (Fish & Battle, 1995; Hurt, 1965).
Such a distribution is considered aerodynamically ideal, as it
minimizes induced drag while maximizing lift generation effi-
ciency across the entire span of the foreflipper.

It appears that sea lions are capable of exploiting this lift
performance to complete their characteristic high angle banked
turns, which require them to produce enough force to generate
the required centripetal acceleration. The ability of the fore-
flipper to generate high lift explains how sea lions can produce
accelerations of up to 5 g’s and turning rates of 690→/s dur-
ing rapid maneuvers (Fish et al., 2003). As the flippers are
located near the sea lion’s center of gravity, they bring about a

controlled instability that the sea lion can exploit to be highly
maneuverable by using only one flipper to complete an unpow-
ered turn (figure. 1b). The maneuvering capabilities of the sea
lion are possible because of its lift generation that is the result
of the cambered profile of the flipper coupled with low sweep
and a high aspect ratio.

Surface oil flow visualization
We use surface oil flow visualization (SOFV) to investi-

gate the boundary layer attachment and vortical structures as-
sociated with the high lift generation of the foreflipper. SOFV
at Re2 = 148,000 revealed spanwise flow and vortex domi-
nated regions over the suction surface of the foreflipper (see
Fig. 5). The applied oil conforms to the direction of the local
air flow due to the shear at the air/oil interface, indicating the
wall streamlines and regions of separation-reattachment and
vortices (Merzkirch, 1987). At negative and zero ∀ (Fig.5a
and b), the flow is attached over most of the flipper with the
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Figure 5: Surface streamlines on the dorsal side of the foreflipper at Re = 148,000. (a-d), Surface oil flow visualization
conducted on the anatomical foreflipper using titanium oxide and kerosene at ∀ (a) ↓8→, (b) 0→, (c) 16→ and (d) 20→.

presence of short separation bubbles near the mid-chord after
which the flow again reattaches. Near the root, the streamlines
converge and turn inwards towards the flipper with substantial
crossflow.

At peak lift, which occurs at ∀ = 16→ just before stall,
the attached flow quickly separates to form a short separation
bubble near the tip, with spanwise flow from the leading edge
feeding the tip vortex (Fig. 5c). Also noticeable is a foci near
the trailing edge that denotes the presence of a counter-rotating
vortex. Stall occurs when the flow separates close to the lead-
ing edge with a vortex situated at the leading edge (Fig. 5d).
The spanwise flow over the foreflipper is driven by the troughs
that run spanwise turning outward towards the trailing edge
and variation in geometric and aerodynamic twist (See Fig. 2
in the Methods section). This is analogous to surface contour-
ing as described by Werle et al. (1987) where ripples or creases
are used for stall alleviation to yield maximum lift at high lift
conditions.

At ∀ = 20→ which is the post-stall regime, there is reverse
flow almost entirely over the surface of the flipper. The flow
separates at the leading edge and does not reattach again. Ad-
ditionally, a vortex can be seen very close to the leading edge
at the tip. SOFV reveals that the flow over the flipper is highly
three-dimensional in nature and also dominated by spanwise
flow. The troughs and crests seem to play a major role in
deciding the location of the short separation bubbles and the
limiting streamlines.

Flowfields
Normalized streamwise velocity, Ux/U∀, at Re1 are

shown in figure 6 over a range of spanwise positions on the
suction (dorsal) side of the anatomical foreflipper. Each row
represents a different spanwise location (from top row to bot-
tom row the spanwise locations are 80% span, 60% span, 40%
span and 20% span). Each column represents the ensemble-
averaged, streamwise flow (from left to right) over the flipper
at a specific angle of attack (↓6→, 0→, 4→, 10→, and 14→). Al-
though the SOFV was conducted at Re2, it can be seen that
the flow in the spanwise direction over the flipper varies con-
siderably due to the variation in geometric and aerodynamic
twist along the span. Comparing each column (flow over a

constant ∀) reveals notable differences in flow structures, as
well as the location of attachment and reattachment of separa-
tion bubbles across the span. For ∀ = ↓6→ (see Fig. 6, left-
most column), as we move from the root of the flipper towards
the tip, flow separation is observed over the entire suction sur-
face. At this angle of attack, the flipper produces negative lift
as shown in figure 4a, consistent with the dominance of sepa-
rated flow across the span. As the angle of attack is increased
up to 14→, there is a progressive reduction in the extent of flow
separation. At ∀ = 4→, the presence of small laminar sepa-
ration bubbles can be identified along all spanwise positions
except at 20% span, where complete separation of flow per-
sists. These small separation bubbles are observed recurring at
multiple spanwise locations and at different angles of attack,
most notably at ∀ = 14→ near the tip of the flipper.

At ∀ = 14→, the flow appears to be completely attached
over the majority of the flipper surface, representing the con-
dition of peak aerodynamic efficiency prior to stall onset. Be-
yond this angle of attack, separated flow begins to dominate
progressively across the entire flipper surface until full stall is
reached at ∀ = 16→. This gradual progression of separation
from root to tip is consistent with the geometric twist of the
flipper, which is designed to ensure that the root stalls before
the tip, thereby preserving roll stability during maneuvering.
The PIV data presented here captures the complex spanwise
variation in flow structures, and when considered alongside
the qualitative whole-surface view provided by the SOFV re-
sults (see Fig. 5), offers a comprehensive picture of the three-
dimensionality of the flow field around the foreflipper across
the range of angles of attack tested.

CONCLUSIONS
The primary mechanism of sea lion locomotion is to use

their foreflippers in a hydrodynamically active way by means
of the ’clap’ to produce thrust. However, the results presented
here show another way that sea lions use their foreflippers in a
hydrodynamically passive way. While propelling forward, the
sea lion abducts one (or both) of its flippers and extends it lat-
erally to produce the necessary lift—and torque—required for
agile and small radii turns. This passive usage of its propulsive
surfaces has never been documented or studied in pinnipeds,
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Figure 6: Near surface streamwise velocity over the anatomical foreflipper. The rows of the matrix relate to spanwise
positions from the root (0% span) of the flipper, while the columns are the average angle of attack of the flipper, ∀ , at
which data was taken.

but greatly contributes to their ability to maneuver in com-
plex underwater environments. The broad range of angles of
attack over which the foreflipper generates positive lift, com-
bined with its gradual stall characteristics, suggests that the sea
lion is capable of producing maneuvering forces across a wide
variety of swimming speeds and body orientations without the
risk of abrupt loss of hydrodynamic control.

The cambered cross-sectional geometry of the foreflipper,
previously overlooked in earlier studies that lacked the ben-
efit of high-resolution three-dimensional scanning, indicates
that the flipper is passively optimized to generate lift even at
zero angle of attack, further enhancing its utility as a maneu-
vering surface. The aerodynamic and geometric twist of the
foreflipper, which promotes an elliptical lift distribution and
delays tip stall, further underscores the sophistication of this
dual-purpose propulsive surface. The high aspect ratio of the
foreflipper minimizes induced drag during lift-based maneu-
vering, while the spanwise variation in camber and thickness
ensures that lift is generated efficiently across the entire span.
Together, these morphological features reflect a remarkable
degree of evolutionary optimization, enabling the foreflipper
to serve simultaneously as a thrust-producing and maneuver-
controlling appendage across a wide range of swimming con-
ditions.

Sea lions have thus evolved a single propulsive surface,
their foreflipper, that produces forces using two distinct fluid
mechanics principles. Thrust is produced through a clapping
motion that creates a jet of fluid against the direction of travel
(see Fig. 7a); and maneuvering forces (torques) are produced
using a lift-based method of force generation (see Fig. 7b).
The lift performance attributes of the foreflipper provide the
sea lion with enhanced maneuverability and thrust produc-
tion as an aquatic predator navigating the complex and dy-
namic habitats of the marine environment. These findings have
broader implications for the bio-inspired design of underwa-
ter vehicles, where the integration of a single multifunctional
control surface capable of both thrust generation and maneu-
vering force production could offer significant advantages in
terms of simplicity, efficiency, and agility. Future studies ex-
amining the active muscular control of the foreflipper during
free-swimming maneuvers, combined with the passive hydro-
dynamic properties documented here, will be essential to fully
characterize the role of the foreflipper in sea lion locomotion
and to further inform the development of next-generation bio-
inspired aquatic propulsion systems.
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Thrust

(a) Clapping mechanism

Lift

(b) Lift generation mechanism

Figure 7: (a) Primary mechanism of thrust production in
an hydrodynamically active way — clap. (b) Secondary
mechanism of force production by using one of the flip-
pers as a lifting wing to generate a torque for turning.
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