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Vortex recapture underpins the exceptional mobility of nature’s finest fliers and swimmers. Utilized by agile
fruit flies and efficient jellyfish, this phenomenon is well-documented in bulk fluids. Despite extensive studies
on the neuston—a vital fluidic interface where diverse life forms interact between air and water—neuston
vortical hydrodynamics remain unexplored. We investigate epineuston (on water) vortical hydrodynamics
in Microvelia americana, one of the smallest and fastest water striders, skating at 50 BL/s (15 cm/s).
Their middle legs shed counter-rotating vortices, re-energized by hind legs, demonstrating epineuston vortex
recapture. High-speed imaging, particle imaging velocimetry, physical models, and CFD simulations show
re-energization increases thrust by creating positive pressure at the hind tarsi, acting as a virtual wall. This
vortex capture is facilitated by the tripod gait, leg morphology, and precise spatio-temporal placement of
the hind tarsi during the power stroke. Our study extends vortex recapture principles from bulk fluids
to the neuston, offering insights into efficient epineuston locomotion, where surface tension and capillary
waves challenge movement. Understanding epineuston vortex hydrodynamics can guide the development of
energy-efficient microrobots to explore the planet’s neuston niches, critical frontlines of climate change and
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pollution.

The unseen ballet of vortical forces orchestrates
nature’s most efficient swimmers and fliers [1-7].
These interactions, fundamental to minimizing en-
ergy expenditure and maximizing thrust, allow or-
ganisms to utilize energy from their own or others’
wakes [1,2,8-10]. Jellyfish boost thrust by captur-
ing vortices during relaxation, creating high-pressure
zones [5,11]. Fruit flies capture leading-edge vortices
during the fling motion, minimizing the energy re-
quired to generate new vortices [12,13]. Fish exhibit
such efficient wake capture that even dead fish can
swim upstream by resonating with oncoming Karmén
street vortices [14,15].

While these examples occur in bulk fluids, the
neuston interface — a vital ecological niche — teems
with life. From zooplankton, insects, and spiders to
birds, reptiles, and plants, countless organisms in-
teract at this boundary in marine and freshwater
ecosystems [16-27]. Despite the challenges of bal-
ancing surface tension, drag, buoyancy, and capil-
lary waves, no documented examples of vortex re-
capture at this interface exist. Driven by curiosity
about neuston vortical interactions, we reveal a vor-
tex re-energization mechanism in Microvelia ameri-
cana (Hemiptera, Veliidae).

These millimeter-sized water walkers are
epineustonic, living on the water surface and
are one of the smallest and fastest on this ecological
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niche (up ~ 50 BL/s, Figure 2.d). Part of the
infraorder Gerromorpha, they are found in creeks
and ponds worldwide and include over 200 species
(Figure S1) [28-31]. Unlike most water striders that
use elongated middle legs for rowing, Microvelia
employ all six legs to walk and run using a tripod
gait [16,17,32,33]. Their unique morphology and
kinematics enable them to recapture vortices shed
from their middle legs, allowing them to speedily
skate across the water surface. These amphibious
insects, whose ancestors were terrestrial and used a
tripod gait for movement on land, evolved to move
on water while retaining this gait [16,34-37]. Using
high-speed imaging, particle imaging velocimetry,
physical models, and CFD simulations, we describe
the epineuston vortex interactions during the water
skating behavior of Microvelia.

RESULTS

Skating on water. Microvelia possess dense hair
coverage on their bodies and legs (Figure 1.a) [38].
SEM analysis reveals a tarsal hair density of ~ 15,000
hairs/mm? (n = 3), comparable to Velia caprai and
Gerridae. [16,39,40]. This dense coverage enables
Microvelia to maintain a Cassie-Baxter state [41],
limiting water infiltration and maintaining superhy-
drophobicity leading to dimples at air-water surface
contact points (Figure 1.b). The low Weber num-
ber, We = pv?l/o < 1 (see Table S1) indicates that
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Figure 1: Behaviour and morphology of epineustonic Microvelia americana (a) Dorsal view of Microvelia
americana with inset showing a SEM image of the dense hair coverage on middle leg tarsus (pseudo-colored). (b)
Microvelia Sp. feeding on a trapped insect in a creek (Brunei), with legs deforming the water surface, forming dimples.
(c) Size comparison showing M. americana’s small body size relative to commonly found water striders, Gerridae.
(d) Alternating tripod gait plot for M. americana locomoting on water surface, showing the gait cycle of each leg
performing power (color filled boxes) and recovery strokes (empty boxes). (e) Snapshots showing the side view of M.
americana walking on water. (f) Dynamics of M. americana on water, indicating short skating escape-sprints (~2
s) and intermittent walking behavior over a time span 5 minutes.

surface tension forces dominate over inertial forces
in their interfacial locomotion, similar to other water
striders like Gerridae [24].

Unlike water striders such as Gerridae that use a
rowing gait, Microvelia employ an alternate tripod
gait typical of terrestrial insects. In this gait, at least
three legs — the front leg (FL), the contralateral mid-
dle leg (ML), and the ipsilateral hind leg (HL) — per-
form a power stroke on water (Figure 1.d,e), while
the other legs recover in air or sometimes on water

(SI Video 1).

To understand their epineustonic locomotion be-
havior, we examine their dynamics over a 5-minute
period in the lab. During this time Microvelia
primarily engage in intermittent walking, spending
99.6% of the time in this mode. However, they occa-
sionally sprint as an escape response, skating a dis-
tance of ~ 30 mm in ~ 2 seconds (Figure 1.e). The
temporal trajectory of the middle and hind legs shows
overlapping paths during this skating mode, indicat-
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Figure 2: Epineustonic kinematics of Microvelia. (a) Tarsal trajectories of middle and hind legs of Microvelia.
The solid lines represent the power strokes, while the faded blue and red lines show the recovery strokes. The
trajectories illustrate the time spent by the tarsi during movement. (b) Stroke amplitudes of the middle and hind
legs (n = 15), illustrated with their tarsal tip trajectories relative to the motion of their respective shoulder joints.
The middle legs exhibit larger stroke amplitudes (Aasz ~ 1.54 &+ 0.43 mm and Ay g ~ 1.59 &+ 0.74 mm) compared to
the hind legs (Agr ~ 1.25 £+ 0.46 mm and Agr ~ 1.17 + 0.47 mm). (c) Stroke frequency (N = 3, n = 15) of the
middle and hind tarsi, showing an average stroke frequency of f ~ 30 strokes/s. (d) Body speed of Microvelia on
water and land (styrofoam) in cm/s (left Y axis) and BL/s (body lengths per second, right Y axis). The average
maximum body speed on water is ~ 15 cm/s (~ 50 BL/s), compared to ~ 10 cm/s (~ 40 BL/s) on land. (e) Peak
tarsi speeds of Microvelia on water. The middle legs achieve higher peak linear speeds during power strokes (~ 17
cm/s) compared to the hind legs (~ 14 cm/s). This indicates that the middle legs act as the main hydrodynamic
thrust propulsors, with higher acceleration (~ 2500 cm?/s) compared to the hind legs (~ 2000 cm?/s).


https://doi.org/10.1101/2024.06.17.599397
http://creativecommons.org/licenses/by-nc/4.0/

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

929

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.17.599397; this version posted June 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC 4.0 International license.

ing interfacial vortical interactions (Figure 2.a).

During the skating mode, the middle legs of Mi-

crovelia act as the main hydrodynamic thrust propul-
sors [32, 33]. These legs exhibit a stroke ampli-
tude 23% larger than the hind legs, while main-
taining the same stroke frequency (Figure 2.b,c).
This larger amplitude allows for greater displace-
ment with each stroke, enhancing thrust. The mid-
dle legs also achieve higher peak linear speeds during
power strokes, 21% faster than the hind legs (Figure
2.e). This increased speed, coupled with greater ac-
celeration—about 25% higher than that of the hind
legs—indicates their dominant role as forceful thrust
generators [33].
Epineuston hydrodynamic interactions. Dur-
ing the power stroke, the middle leg tarsi shed pairs
of counter-rotating vortices (Figure 3.a, stage I).
These vortices travel downstream, interacting with
the hind tarsi, which enter the water at various
spatio-temporal locations. The front tarsi generate
weak vortices that dissipate without interacting with
other tarsi (SI video II).

The exact location and timing of the incident hind
tarsi relative to the vortices dictate the outcome
of these interactions. Favourable interactions re-
sult in vortex re-energization, increasing the vortices’
strength (Figure 3.a, Stage II and III). Body rocking
and turning can misalign these interactions, altering
the hind legs’ angle of attack and leading to vortex
annihilation or no interaction (Figure 3.b). Addition-
ally, if Microvelia moves at high speed, its body can
pass over the middle leg vortices before the hind legs
can interact with them, emphasizing the importance
of timing (Figure 3.f).

We measure the circulation of vortex pairs gener-
ated by the middle tarsi during re-energization until
they dissipate after hind tarsi interaction. Circula-
tion, I' = [ [, w.dS, where w is the vorticity and S
is the bounded area, measures the vortices’ strength.
As the middle leg initiates the power stroke (Figure
3.c, point 1), the vortices’ circulation increases, peak-
ing at ' = 2 em? /s (t = 71 ms), corresponding to the
maximum tarsal speed (22 cm/s, t = 70 ms). The
middle leg then decelerates, reducing I' as the vor-
tices dissipate (point 3). The hind tarsi then enters
the wake, re-energizing the vortices to enhance the
circulation to a second, lower peak of I' = 1.6 cm? /s
(t = 88.5 ms) due to a lower hind-tarsal speed of 17
cm/s (Figure 3.c, point 4). This cycle ends with the
hind tarsi completing their power stroke and dissipat-
ing the vortices (SI video II, Figure S2).

Across 52 instances in 6 specimens, we observe that
60% of the interactions result in re-energization, 27%
show no interaction, and the remainder lead to vor-

tex annihilation (Figure 3.e). We compare the nor-
malized peak circulation before and after their hind
tarsal interaction (I' = I'y/T";) with normalized body
speed (1 = up/u;) and the time interval (At) be-
tween strokes (Figure 3.d). Vortical re-energization
primarily occurs when the hind tarsi strike between
the middle tarsi vortices with shorter At (typically
< 6 ms), during initial acceleration phase of the skat-
ing sprint (Figure 3.f). At higher body speeds, longer
At, or due to body turning or rocking, the hind tarsi
miss the vortices resulting in no interaction. When
the hind legs skate across the pair of vortices rather
than slaloming between them, the interactions tend
to weaken the vortices, leading to vortex annihila-
tion (Figure 3.d). Collectively, this reinforces that
both the hind tarsi’s entry position relative to the
middle tarsi (angle-of-attack) and the inter-stroke in-
terval play critical roles in determining the outcome
of these interactions.

Epineuston vortical recapture increases thrust
in Microvelia. Reconstructed pressure fields from
PIV-measured velocity fields reveal insights into vor-
tical interactions with the hind tarsi of Microvelia
(Figure 4.a). During vortex re-energization, a lo-
cal pressure gradient forms from upstream to down-
stream of the hind tarsi, generating the highest rel-
ative pressure (Ap ~ 5 Pa). In contrast, vortex an-
nihilation results in lower relative pressure (Ap ~ 2
Pa, Figure S3), with cases of no interaction showing
similarly low pressure.

We calculate the total impulse by integrating the
relative pressure over time, I = [, ApAdt, where T is
the duration of the power stroke and A is the planar
area containing the tarsi and its wake (Figure S3).
Normalizing the impulse, T = Jr Apdt/(pui, A), iso-
lates the impact of hind tarsal interaction from tarsal
speed. Excluding the impulse from the middle tarsi
yields the relative impulse, I, = i/ Liddie-

Our results show that vortex re-energization pro-
duces a normalized impulse (I, ~ 1.08), 34% higher
than vortex annihilation (~ 0.81) and 15% higher
than no interaction (~ 0.94) (Figure 4.b). This in-
creased impulse results from enhanced fluid entrain-
ment during re-energization, which raises pressure in
the tarsal plane. When hind tarsi step into the cen-
ter of the vortex pair, they entrain more fluid mass
due to the converging flow driven by the vortical mo-
tion [44], leading to increased pressure and greater
thrust.

The observed rise in normalized impulse during
re-energization illustrates Microvelia’s ability to har-
ness energy from its own wake, a phenomenon we
call ‘Epineuston Vortex Recapture’. Typically, wakes
signifies lost energy to the environment. By step-
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Figure 3: Hydrodynamic interactions in Microvelia’s epineustonic locomotion. (a) Stages of vortical
shedding from the power strokes of the middle tarsus and their subsequent interactions with the hind tarsus. LHS:
Flowfield streamlines visualization in Flowtrace [42] and RHS: vorticity field generated in PIVlab [43]. Stage I -
Vortices generated during the onset of the power stroke of the middle right tarsus, (II) Hind legs stepping into
the vortices shed from the middle left tarsus, (III) re-energized vortices from the hind right tarsus; LHS shows the
vorticity field corresponding to the frame on the right. (b) Illustrations represent the three different outcomes of
vortical interactions based on the trajectory of the hind and middle tarsi. (c) Representative tarsal velocity profiles of
the middle-right and hind-right tarsi of Microvelia walking on water and the corresponding circulation (filled circles)
of the vortices for the case of vortex re-energization. (d) Effect of normalized body speed (relative to hind tarsi
speed) on the circulation ratio of vortices originating from the middle legs pre- and post-interactions with the hind
tarsi. (e) Percentage outcomes of the vortical interactions of the hind tarsi with vortices shed from the middle tarsi,
and (f) Different vortical interactions within a single run on water in Microvelia.
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ping into vortices generated by its middle legs during
previous strokes, Microvelia harnesses this energy to
increase thrust production by the hind legs. This
mechanism, driven by its tripod gait and interfacial
movement, enables Microvelia to effectively generate
thrust at the air-water interface.

Physical models validate inter-stroke interval
in epineustonic vortical interactions. To evalu-
ate the effect of inter-stroke intervals (At) on vorti-
cal interactions, we use a physical model. The model
simulates Microvelia’s middle and hind tarsi power
strokes on water, varying At to alter the hind tarsi’s
angle of attack to the vortices shed by the middle
legs. The Reynolds number of the model (~18) is
within the range of Microvelia (Re ~ 2 — 21, see Ta-
ble S1). The first arm generates a counter-rotating
vortex dipole, which the second arm interacts with,
depending on At (Figure 4.c).

For large At = —116 ms, the first arm’s vortices
dissipate before the second arm’s entry, resulting in
no interaction (SI Video IT1, Figure S4). Reducing the
interval allows for re-energization, with the second
arm’s vortices showing higher normalized circulation
(T > 1) (Figure 4.d). However, at very short inter-
vals (—10 < At < 10 ms), capillary waves generated
by the arms disrupt the vortices, leading to annihila-
tion. The normalized circulation (T') compares both
Microvelia and the physical model, revealing that op-
timal inter-stroke intervals enhance re-energization
and thrust (Figures S4, S5). Vortical re-energization
in Microvelia doesn’t always imply T’ > 1 due to re-
duced hind legs’ tarsal speed, imparting less energy
to the vortices (Figure 2.e).

CFD analysis of thrust enhancement dur-
ing vortex re-energization. We simulate thrust
enhancement through vortex capture using 2D CFD
models of high aspect ratio (AR = 20) rectangular
plates undergoing prescribed rotation and transla-
tion. Mimicking the physical model configuration,
the first plate rotates counterclockwise, and the sec-
ond rotates clockwise, starting with a time gap (At),
traversing the first plate’s vortical wake (SI Video
4, Figure S5). These simulations evaluate the role of
vortex re-energization on thrust via robotic arms’ tra-
jectory rather than mimicking the precise kinematics
of Microvelia.

Streamline analysis shows differences in flow ve-
locity magnitudes for different At intervals (Figure
4.e). For At = 0.2 s, the second plate captures
the first plate’s wake, entering its recirculation region
closely (SIvideo 4). As a result, the vortex cores with
the same sense of rotation from both plates co-align
to increase the resultant circulation, augmenting the
propulsive force. In contrast, for At = 0.5 s, the sec-

ond plate fails to interact effectively, leading to vortex
annihilation with lower flow velocities and thrust due
to the absence of effective wake capture.

To reinforce our findings, we present the tempo-
ral evolution of the coefficient of thrust (Cr) for the
second plate, showing vortical re-energization, com-
pared to no interaction (Figure 4.f). The Cr, defined
as 2T /(psup?A), where T is the thrust force, py is the
fluid density, u, is the relative linear velocity, and A
is the plate’s projected area, illustrates the influence
of interaction on vorticity fields at different times.

For At = 0.2 s, Cp peaks at t = 1.2 s as vortex
dipoles from both plates interact, augmenting circu-
lation. As the plates separate, Cr decreases, show-
ing reduced wake interaction. Thrust enhancement
via wake capture correlates with changes in fluid im-
pulse, influenced by circulation and vortex core ve-
locities. This unsteady flow situation is consistent
with pressure data from Microvelia and the physical
model (Figure 4.a,b), where optimal stroke timing
increases entrainment and thrust, demonstrating en-
hanced thrust through vortex re-energization.

Conclusions and Outlook

Our findings illuminate vortical interactions within
the neuston, the dynamic water-air boundary that
supports diverse life forms. Microvelia, among one
of the smallest and fastest epineustonic animals, cre-
ate nearly 2D vortices due to their minute size and
weight, forming shallow dimples on the water sur-
face [45,46]. Their alternating tripod gait, inherited
from terrestrial ancestors, enables versatile movement
across water, land, and duckweed [17,32,47].

Although less energy-efficient than rowing gait, the
alternatig tripod gait excels in amphibious locomo-
tion, providing Microvelia with a strategic advantage
in foraging and evading predators [16, 24, 46]. This
gait and leg proportions faciliate epineustron vortex
recapture combination, where hind leg tarsi boost the
circulation and fluid entrainment of vortices shed by
middle legs. This re-energization creates a positive
pressure at the hind tarsi, acting as a virtual wall
that augments thrust [46]. In other genera such as
Mesovelia, longer middle legs prevent effective vortex
recapture, underscoring the critical role of leg size in
this mechanism (Figure S7).

Epineuston vortex interactions hinge on the spatial
location, angle of attack, and trajectory of hind leg
tarsi, determining whether vortices are re-energized,
annihilated, or minimally interacted with. Our
robotic arm physical model and CFD simulations re-
inforce the impact of inter-stroke intervals on these
interactions. The data indicate that optimal timing
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Figure 4: Quantifying epineuston vortical interactions through physical models and CFD analysis. (a)
Temporal evolution of relative pressure (AP) and tarsal speed (v¢) of the hind leg. No-interaction and annihilation
cases represent the the hind left tarsi, while re-energization corresponds to the hind right tarsi. (b) Normalized
impulse for different types of vortical interaction. The semi-violin plot shows the distribution of the data as a
jitter plot, while the box and whisker plot represent the median and the four quartiles (25%, 50%, 75%, and 100%)
for Microvelia specimens (N=3) and strokes (n = 12). (c) Temporal evolution of the vortex circulation I' for
each robotic arm with varying At showing different vortical interaction outcomes. (d) Regime map of normalized
circulation (I'z/T';) for varying At. T'y and I'; represent peak circulation from the middle leg (or first arm) and hind
leg (or second arm), respectively (N=7, n=53). (e) CFD results showing effect of the time interval between plate
movements (in quiescent fluid) on vortical interactions depicted by velocity magnitude contours. The second plate
starts moving at ¢ = 0 s with At = 0.2 s for re-energization and At = 0.5 s for annihilation. In snapshots at t = 1
s, arrows indicates the enhanced and reduced velocity field due to wake capture and wake annihilation respectively.
(f) Temporal evolution of the coefficient of thrust (Cr) of the second plate for re-energization and no interaction.
Snapshots show the interaction’s impact on instantaneous vorticity fields at different times.
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and positioning of leg strokes enhance thrust through
vortex re-energization, offering new insights into fluid
dynamics at the air-water interface. Exploring mi-
crovelia juvenile nymphs, multiphase CFD simula-
tions, and turbulent flow regimes will further deepen
our understanding of these interactions.

By uncovering the physics behind the vortical re-
capture in Microvelia, we extend similar mechanisms
observed in jellyfish and fruit flies to the neuston [5,
11,12]. Epineuston vortex recapture could inspire
the development of efficient water-skating devices and
amphibious robots, enhancing our exploration of the
oceanic and freshwater neuston niches [26].
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