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Abstract

From microscopic fungi to colossal whales, fluidic ejections are a univer-
sal and intricate phenomenon in biology, serving vital functions such
as animal excretion, venom spraying, prey hunting, spore dispersal,
and plant guttation. This review delves into the complex fluid physics
of ejections across various scales, exploring both muscle-powered ac-
tive systems and passive mechanisms driven by gravity or osmosis. We
introduce a framework using dimensionless numbers to delineate transi-
tions from dripping to jetting and elucidate the governing forces. High-
lighting the understudied area of complex fluid ejections, this work not
only rationalizes the biophysics involved but also uncovers potential
engineering applications in soft robotics, additive manufacturing, and
drug delivery. By bridging biomechanics, the physics of living systems,
and fluid dynamics, this review offers valuable insights into the diverse
world of fluid ejections and paves the way for future bioinspired research
across the spectrum of life.
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1. Overview and Motivation

“Water is the driving force of all nature.” - Leonardo Da Vinci (1)

Fluid transport is a biological imperative. Living organisms pump fluids, either internally or
externally, to conduct essential functions vital to their survival and proliferation. This capacity
has evolved in diverse ways across kingdoms and taxa, encompassing plants, fungi and animals.
Fluid ejection, the main focus of this review, is a distinct yet integral part of fluid transport (2, 3).
Despite having important ecological, morphological, and evolutionary consequences, it has received

limited attention (4, 5, 6).

The complexity and diversity of fluid ejections across organisms stem from an intricate interplay
between fluid dynamics and biological function. Each species has evolved unique mechanisms to
utilize fluid ejections for particular needs. These mechanisms are bounded by the physical laws

governing the world they inhabit and the properties of the fluids they handle.

In this review, we develop a framework for understanding fluid ejections across various organisms
and contexts (Figure 1). While we present a wide array of biological fluid ejections, our goal is
not to provide a comprehensive overview. Instead, we focus on rationalizing the sheer diversity
of fluidic ejections in terms of 1) the organisms involved (from fungi to whales); 2) the biological
functions served (excretion, hunting, defense, predation, dispersion, etc.); 3) the mechanisms utilized
(catapulting, pumping, destructive); 4) their physical and temporal scales (microns to meters,
milliseconds to seconds); and (5) fluid characteristics (viscoelasticity, adhesion, chemical reaction
etc.). We pay particular attention to how biological organisms contend with fluidic forces across
physical scales, concentrating on identifying dominant forces through non-dimensional numbers and
analyzing how these forces shape the ejected fluids. In some cases, we offer preliminary quantitative
and order-of-magnitude analyses and hypotheses in areas where fluid ejections are understudied or
not fully understood. We exclude certain topics like anatomy and the evolutionary history of fluidic
ejections from the scope of this review. We hope that biologists, especially those interested in
organismal biofluid transport, as well as physicists and engineers seeking to apply these principles

to engineering challenges, will find this examination resonant.

2. Fundamentals of Newtonian Fluid Ejection

Fluid ejection describes the process where a stationary fluid within a pipe begins to move and
eventually exits through an orifice (nozzle). The shape of the exiting fluid depends on the dom-
inant hydrodynamic forces, fluid properties, flow speed, and geometry/mechanical properties of
the pipe/nozzle. The study of fluid dynamics of fluid ejections has been a subject of fascination
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Figure 1

Fluid ejections in nature. Fluid ejection spans multiple scales and species, taking different forms for
various functions. (a) A sharpshooter insect excreting droplets, one at a time. (Reproduced from (4) -
Permission pending) (b) A ring-necked spitting cobra spitting a stream of venom in self-defense
(Reproduced from the Trustees of the Natural History Museum, London; Callum Mair). (¢) Archerfish
expel a fluid stream to hunt insects lying on leaves. (Credit: Scott Lindstead) (d) Elephants spraying water
out of their trunks for bathing or cooling. (Reproduced with permission from Tim Flach) (e) Bombardier
beetles expelling a spray of chemicals for self-defense. (f) Humpback whales expelling a burst of air and
water jet through their blowhole as part of their breathing process. A ‘Snotbot’ drone (7) collects fluidic
samples of a humpback whale’s liquid spout. (Panel reproduced with permission from Ocean alliance (7))
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Biological Fluid Ejection: Dripping to Jetting. (a) Biological organisms across various taxa and
length scales in nature eject fluids, which can be categorized as dripping or jetting. (b) The fluid dynamics
of fluid ejection is evaluated by considering the fluid flow of a Newtonian fluid within a smooth, rigid,
cylindrical pipe. The fluid exhibits dripping when surface tension forces are dominant Bo < 1 We << 1
and exhibit Jetting when inertial forces or gravitational forces at high We >> 1. (¢) Considering water as
the fluid flow with a speed v out of an orifice with a characteristic length (diameter) d. The lines
correspond to the following dimensionless numbers: Bond number Bo = pgd? /v, Weber number

We = pv?d/~, Ohnesorge number Oh = u/pdry, Reynolds number Re = pud/pu, reflecting the interplay of
surface tension, gravitational, inertial, and viscous forces. The highlighted areas reflect the various fluid
regimes, including dripping and jetting.

throughout history, captivating scientists and engineers alike (Figure S2). This study dates back to
Leonardo Da Vinci’s examinations of jet behavior and fluid cohesion’s role in drop formation (Fig-
ure S1)(8). Recent studies have further outlined fluidic ejections fundamentals through an orifice,
focusing on jetting and breakup phenomena across scales (9, 10, 11).
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2.1. Fluidic Forces and Dimensionless Analysis

Consider a Newtonian fluid of density p, with viscosity p, flowing through a circular cylindrical
nozzle of length [ and a diameter d at velocity u, under gravitational acceleration g. We assume a
rigid, smooth cylinder with no corrugations and stagnant surrounding air (no wind flow or external
perturbations) (Figure 2b).

The Navier-Stokes equation, essentially the continuum version of Newton’s second law of motion,
describes the fluid’s motion:

0
P (87‘: + uvu) = 7Vp + ///v2u + Fezternal

Within the nozzle, inertial forces arise from the fluid’s mass and acceleration, and viscous
forces relate to the fluid’s inherent resistance to flow and friction with the walls. At the fluid-
air interface, surface tension v arises due to the imbalance of intermolecular attractions. Since
our focus is on the specific air-liquid interface, we exclude complex fluid-fluid interfaces (12), and
fluidic jets formed in other viscous fluids, such as those in underwater propulsion by insect larvae,
cephalopods, and other marine creatures, from the scope of this analysis (13). Surface tension forces
influence droplet formation and fluid jet behavior, especially at small scales (14). The normal stress
balance at a free surface must be balanced by the curvature pressure associated with surface tension:
n.T-n = v(V-n) where n is the unit normal to the surface and T = —pI +u[Vu+ (Vu)T] is the
stress tensor and p is the pressure (15). External forces such as gravity, represented by Feazternai,
also affect fluid flow, particularly at larger scales. In summary, fluid forces can be categorized into
bulk forces (viscosity, inertia), interfacial (surface tension), and external (gravitational), i.e.,

Fy= f(FU7FH7F’Y7Fg)

To assess these forces’ relative magnitude, we consider several dimensionless numbers, includ-
ing, Bond number (Bo), Weber number (We), Reynolds number (Re), Ohnesorge number (Oh),
Froude number (Fr) in Box 1. Within our initial assumptions’ context, the relative magnitudes
of hydrodynamic forces determine the fluid’s shape exiting a nozzle. This represents a simplified
model, as many biological organisms exhibit more complex characteristics like non-Newtonian
behavior, viscoelasticity, internal corrugation, non-cylindrical geometries, and flexible or active
nozzles (discussed in a later section).

Box 1: Dimensionless Numbers for Newtonian Liquids in Air. The following dimensionless
numbers are essential in characterizing Newtonian fluid ejection phenomena in air, where v is the 1-D fluid
speed at the nozzle exit, d is the diameter of the nozzle, p is the fluid density, [ is the length of the tube,g
is the gravitational acceleration, v is the surface tension, and p is the fluid viscosity:

it d?

Bond number (Bo) : _shavity _ pg9d
surface tension ¥

inerti 24

Weber number (We) : _fmerta _pvd
surface tension ¥
inerti d
Reynolds number (Re) : .m& _ pva

viscous forces o
viscous forces " VWe

Ohnesorge number (Oh) : = =
(Oh) V/surface tension - inertia  v/pyd Re
. . 2

Froude number (Fr) : mertia _ v

gravity ﬁ
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Box 2: Dripping and Jetting Regimes for Newtonian Fluids. A Newtonian fluid exiting a nozzle
into the air can be categorized into two main regimes: dripping and jetting, characterized by the Bond
number (Bo) and the Weber number (We) (Figure 2).

Dripping Regime Bo < 1 and We < 1

The fluid exits in droplet form, growing slowly before detaching at a critical size. Gravity plays a significant
role in droplet breakup, producing large constant-mass droplets at a slow rate (Figure 2 a-b).

Jetting Regime We > 1

As the exiting fluid’s speed increases, inertial forces overcome surface tension, transitioning into jetting.
Various behaviors emerge, including periodic, chaotic dripping (1 < We < 8) and a continuous stream of
fluid jetting at higher We values (Figure 2 a-b).

Breakup Regimes We >> 1

In jetting, jet dynamics are sensitive to mechanical perturbation or thermal excitation. A small disturbance
will grow when its wavelength exceeds the jet’s circumference, leading to breaking up into droplets. Different
jet breakup regimes can be identified on the basis of the Ohnesorge number (Oh) and the Weber number for
liquid (Weyr) and gas (Wegy) (16). Jet break-up regimes are not the focus of the review and are presented
in Figure S3 and Supplementary Info.

Ohnesorge number (OR): Viscosity and inertio-capillary breakup

The Ohnesorge number (Oh), sheds light on the stability and breakup of a liquid jet, as well as the formation
of satellite droplets. At Oh < 1, a fluidic jet lies in the inertio-capillary regime, where it may break quickly
into smaller satellite droplets due to inertia and surface tension’s combined effects. At Oh > 1, or at
d < 10~3m for water, viscous forces become relevant in jet dynamics. Formed jets breakup faster due to
viscous forces.

Froude number (Fr): Gravity and inertia

The Froude number (Fr) evaluates the relative magnitude of inertia over gravitational effects in fluid jets.
A classic example of a low Froude number is the falling jet stream driven by gravity. Alternatively, a jet
with high initial velocity results in a significantly high Froude number.

3. Regimes of Newtonian Fluidic Ejections

Building on the fundamental understanding of non-dimensional numbers presented in Boxes 1 and

2, we now present a comprehensive framework that leverages the Bond number (Bo) and Weber

number (We) to categorize fluid ejection phenomena (Figure 3). This framework provides a map

comprising four distinct quadrants, each illustrating the dominance of specific forces, including

inertia, gravity, and surface tension. For these calculations, we use the nozzle diameter as the

characteristic length (and not the size of the organism) and the average speed of the exiting fluid.

Note that since not all nozzles in biological systems are circular, the hydraulic diameter may be

used to estimate the effective diameter d = 4A/P where A is the area of the nozzle and P is the

perimeter of the nozzle.

The relationship between We and Bo serves as a critical tool to capture both the scale and speed

of the exiting fluid. It allows us to delineate the underlying behavior, function, mechanism, and

governing fluid principles that dictate how organisms eject fluids within specific We— Bo quadrants.

It’s essential to recognize that the demarcations at Bo = 1 and We = 1 are not rigid boundaries

but rather indicative markers to underscore the prevailing forces. The actual transition between

quadrants is more nuanced, with unity being presented here only as an intuitive heuristic. Some

references, especially in engineering applications, define jetting when We > 8 (16).
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Figure 3

Mapping Newtonian Fluid Ejections via a Bond (Bo) and Weber (We) Numbers Framework.
This framework identifies four quadrants to highlight the interaction of surface tension, inertia, and
gravity, ignoring the effect of viscous forces (Oh << 1) - Full list in Supplementary information Table S1.
In the surface tension regime (Bo < 1, We < 1) surface tension dominates, causing fluids to exit the nozzle
as droplets. In the inertio-capillary regime (Bo < 1, We > 1), fluid ejections form jets influenced by inertial
forces and surface tension. The inertio-gravitational regime (Bo > 1,We > 1) corresponds to ejections
where inertia and gravity (hydrostatic pressure) cause fluids to exit as jets through a larger nozzle, as seen
in most large mammalian urination. The gravitational regime (Bo > 1, We > 1) is characterized by gravity
slowly driving the dripping of a fluid. For the plant guttation, a droplet grows before reaching a critical
weight before rolling over (The bond number considering the size of the droplet as characteristic length is
used here)

3.1. Surface Tension Regime: Bo< 1, We <1

In this regime, surface tension reigns supreme, leading to the characteristic ‘dripping’ of fluids. The
cohesive forces of surface tension forms droplets and makes them adhere to hydrophilic surfaces
through capillary adhesion (14, 17). Such adhesion may cause droplets to remain attached to the
nozzle’s tip, posing dislodging challenges (18). This phenomenon is particularly pronounced for
micro- to millimeter-scale organisms, whose size is comparable to or smaller than the capillary
length .. In this context, surface tension forces can be substantial relative to the organism’s size
and weight, even to the point of trapping and endangering tiny organisms (19, 20, 21).

Various organisms have evolved innovative strategies to counter these forces. Since fluidic pump-
ing is insufficient for droplet removal, they incorporate ‘secondary mechanisms’ tailored to coun-
teract capillary adhesion. These methods exploit the inherent properties of surface tension. Some
strategies, for example, leverage the elastic properties of surface tension to use it as an engine for
fluid ejection (e.g., superpropulsion in sharpshooter insects (4) Figure 4 a-b, droplet coalescence in
ballistospores (27) Figure 4 h-j, kicking in free aphids (28)). Others reduce the effect of surface

www. annualreviews.org * Fluid ejections in nature 7
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Exploring the Surface Tension Regime: A Diversity of Fluid Ejections. (a) A blue-green
sharpshooter insect feeding on a basil leaf and excreting droplet excreta. (b) Collage showcasing the
ultrafast droplet catapulting mechanism used by glassy-winged sharpshooter insects. Surface tension
mediates the droplet’s deformation due to its elasticity. (Reproduced with permission from (4)) (¢) A
gall-aphid excreting a honeydew droplet. (d) Aphids secrete powdery hydrophobic wax that coats the
sugar-rich droplet into a ‘liquid marble,” enabling easy rolling. (Reproduced from with permission from
(22) ) (e) A rat urinates a droplet. (Reproduced with permission from (5)) (f) A mosquito (Anopheles
stephensi) projecting a blood-rich droplet for thermoregulation. (g) Thermographic image of an Anopheles
stephensi mosquito feeding on an anesthetized mouse. The mosquito cools itself through evaporative
cooling, retaining a fluid drop at the abdomen’s end, causing a temperature gradient along its body.
(Reproduced with premissionfrom (23) ) (h) Ballistospore of Tilletia caries moments before discharge via
coalescence between the Buller’s and adaxial drops. (Reproduced from (24)) (¢) Buller’s 1922 illustration
of the discharge of spore and fluid drop in Calocera cornea. (Reproduced from (25)) (j) Experimental
demonstration of a ballistospore-inspired launch of a spore-shaped polystyrene particle from a flat
superhydrophobic substrate following the coalescence of two inkjet-printed drops. (Reproduced from (26) )

tension altogether by coating the droplets with a hydrophobic layer (e.g., hydrophobic waxing in
gall-aphids (28) Figure 4 c-d). Some organisms even rely on symbiotic relationships with external
agents, such as ants, to remove the excreted fluids (28). Organisms like some mosquito species ex-
ploit capillary adhesion to retain the droplets for evaporative cooling, a process that, while distinct,
shares the underlying principle of evaporation with the cooling mechanism in mammals through
sweating, where sweat glands release fluid that evaporates from the skin’s surface to reduce body
temperature (29) (Figure 4 f-g).

3.1.1. Excretion in Sap-Feeding Insects: Kicking, Catapulting, Pinching, and Waxing. Sap-feeding
insects (hemipterans) are among the most extreme biological pumps (17). They subsist on a lig-

uid diet of plant fluids, using specialized styles to extract plant sap from phloem and/or xylem

Challita et al.



tissues(31). With high fluid consumption rates and extended feeding periods at specific sites, they
generate significant volumes of liquid waste at singular locations. Fluid ejection becomes crucial for
hygiene, fostering symbiotic relationships, and distancing from waste to deter predators (6).

Xylem-feeding insects like sharpshooter insects consume vast quantities of xylem sap, approxi-
mately 300x their body weight per day (6). They expel liquid waste using a specialized appendage
called the anal stylus (anal ligulae), forming a water droplet within 80 ms and then catapulting it
at 14 g (4) (Figure 4 a-b). These insects exploit the elastic properties of droplets to eject fluidic
droplets, using surface tension to elastically deform the droplets during catapulting, acting as a
Hookean spring (32, 33). By tuning the frequency of their anal stylus (the actuator) to match
the Rayleigh frequency of their elastic droplets, they efficiently remove fluidic excreta using ‘su-
perpropulsion’. (4, 34). The stylus’s surface also exhibits parahydrophobic properties, enabling
droplets adherence for control while maintaining a high contact angle for easy removal (35).

The choice to catapult discrete water droplets instead of continuous fluid jets in sharpshooter
insects is attributed to two primary energetic constraints: 1) their nutrient-scarce diet, consisting
of approximately 95% water, and 2) the negative pressure of the xylem sap. Consequently, sharp-
shooters expend significant energy to pump this fluid using their cibarial muscles, extracting only a
small amount of nutrients (36). Such dietary and fluid mechanics considerations point to energetic
constraints related to fluidic pumping at their small scale. (37)

The energetics of excretion can be assessed by calculating the pressure P required for pumping
droplets generated by the constriction dynamics of circular muscles located in the insect’s hindgut
(38). To effectively eject fluid, this pressure P must overcome combined viscous forces (F), o
plu/d?), and surface tension forces (F, o 7/d). As the diameter d becomes smaller, the overall
pumping pressure increases, revealing that the pressure needed for droplet formation is notably
lower—specifically 4 — 8 x less — than that needed for a continuous jet We > 1.

From an energetics standpoint, jetting out fluid waste could lead to a net energetic deficit com-
pared to forming and catapulting droplets in these sharpshooter insects (36, 4). This underscores
the energetic advantage of the droplet ejection mechanism over jetting, especially at microscales.
However, ejecting droplets via catapulting becomes increasingly challenging as droplet size de-
creases. Smaller droplets require a greater minimum acceleration for propulsion, as they are harder
to deform due to higher internal pressure (P o 7/d). Therefore, the critical acceleration required
for droplet detachment scales as D™%/? where D is the droplet diameter (39). Such dynamics im-
pose constraints on the capacity of biological actuators to achieve the necessary acceleration for
smaller droplet detachment. This constraint may explain why sharpshooter nymphs, which are
typically smaller than adults, utilize a droplet ejection mechanism based on droplet pinching, a
subject currently under investigation.

Phloem-feeding insects like aphids face different challenges. Their excreted fluid, called ‘hon-
eydew’, is sugar-rich (Figure 4 ¢). The accumulation of honeydew could foster detrimental fungi
or parasites and signal their location to predators(40, 41). Aphids, especially those exhibiting site
fidelity, have evolved remarkable adaptations to manage their liquid waste. Gall aphids, for exam-
ple, coat their honeydew in a hydrophobic powdery wax (Figure 4 d), forming a ‘liquid marble’
that rolls away from their bodies, averting build-up and ensuring hygiene (28, 42, 41). Free-living
aphids resort to kicking fluids away (43) or establish symbiotic relationships with ants. Spotted
lanternflies, another phloem-feeding insect species (44), expel fluidic honeydew droplets using a
currently-unknown catapulting mechanism.

3.1.2. Fungal Ballistospores: Spore Ballistics Through Droplet Coalescence. Numerous fungal
species use surface energy properties to explosively release their ballistospores (Figure 4 h-j). This
impulsive movement is mediated by surface tension, where potential energy stored in two separate
droplets is released via coalescence. This coalescence occurs between a spherical Buller’s drop at
the spore’s hilar appendix and a flattened drop on the spore’s adaxial side (27, 45). Ballistospores
achieve remarkable launch dynamics, with initial velocities estimated at approximately 1 m/s, al-
though their range is limited to roughly 100 pum, due to viscous drag. The ejection mechanisms
are single-shot and destructive, with each spore undergoing one impulsive movement for disper-
sion. From an engineering standpoint, coalescence-induced jumping has potential applications in
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self-cleaning, anti-icing, antifrosting, and enhancing condensation heat transfer.(46, 26).

3.1.3. Small Mammals: Droplet Excretion Mechanisms. Fluid dynamics principles in excretion
extend to small mammals as well. The ‘law of urination’ in mammals states that urination time is
length scale-invariant, with mammals urinating in jets within 21 4 13 seconds (5). However, small
mammals weighing less than < 3 kg, such as rodents (rats and mice) and bats, typically release
excrement as individual droplets or weak jets that break up immediately through the Rayleigh
plateau instability (We ~ 1). Equating the bladder pressure required to overcome surface tension
reveals a limit of ~ 100 pum orifice diameter in mammals below which excretion in continuous jets
is impossible (5). Interestingly, this constraint does not apply to arthropods such as butterflies,
cicadas, and bees, which can form jets even at smaller scales (discussed below). Larger bat species,
such as the flying fox, are also documented to release their urines in jets, further supporting the
notion that the ability to form continuous jets is not solely determined by size but also involves
other morphological and biological factors. This observation underscores deeper morphological
differences between mammals and arthropods and highlights the complexity of fluid dynamics in
biological systems that warrants further study.

3.1.4. Evaporative Cooling in Arthropods: Thermoregulation Through Excreted Drops. Ther-
moregulation is vital for all organisms, especially for arthropods feeding on warm-blooded hosts
or sugary solutions. These species have developed complex adaptations to manage excessive heat,
including evaporative cooling. During this process, phase changes like evaporation require latent
heat, producing a cooling effect on the evaporating fluid and its surroundings.

Hematophagous species like mosquitoes and sandflies excrete fluid droplets during blood feeding.
Anopheles mosquitoes, for example, reduce their internal temperature by excreting and retaining
fluid droplets at their abdomen’s end (23). The subsequent evaporation significantly cools the
mosquito’s body (Figure 4 f-g). Species that do not retain the fluid drop appear to lack this
thermoregulatory ability (23).

Honeybees and bumblebees also exhibit thermoregulation through fluid ejection (47, 48). They
regurgitate a droplet of nectar through their mouthparts, to cool their heads, maintaining the
brain’s functional temperature range. This adaptation prevents overheating in hot climates or
during strenuous activities like flying and foraging.

Other observed thermoregulatory mechanisms extend beyond hematophagous species.
Grasshoppers feeding on succulent plants, Sphinx moths (49), and cicadas (50) have been observed
to employ similar strategies to exude fluids for body heat regulation, although the specific details
require further investigation. In mammals, evaporative cooling is achieved through sweating, with
specialized sweat glands releasing sweat through pores approximately 60 — 80 pum in diameter (in
humans). Unlike forceful expulsion, the sweat fluid is released gradually, facilitated by the body’s
heat and the evaporation process itself.

3.2. Inertio-capillary Regime: Bo< 1, We > 1

In the inertio-capillary regime, where Bo < 1 and We > 1, inertia dominates, and surface tension
plays a significant role over gravitational force (Figure 5). Within this regime, the Ohnesorg number
(see Box 1,2) determines the dynamics of jet breakup, but we restrict our studies to the limit where
Oh < 1. For Oh ~ 1, the case for highly viscous fluids or very small nozzle size, fluids may become
too viscous to be jettable (52).

Small organisms face challenges in creating fluid jets: the pressure required to drive fluid flow
increases due to viscous forces (Flyiscous ¢ u/d2) and surface tension (Fisurface tension < 1/d) (5, 4).
Despite these challenges, several advantages exist for small organisms in creating jets. High-speed
jets enable organisms to discharge fluids at specific targets quickly, serving defensive or offensive
purposes (e.g., redwood ants (53), Nasutitermes (54), and spitting cobras (55)) or high-acceleration
release of spore (e.g., fungal cannons (51)). Additionally, higher-speed jets imply a higher flow
rate, allowing the discharge of more fluid within a given timeframe. This capability is potentially
beneficial for organisms like cicadas, which must process large volumes of low-energy nutrient xylem-

Challita et al.
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Inertio-Capillary Ejections Across Species (Bo < 1,We < 1). (a) A cluster of fungal cannons
Pilobolus crystallinus before explosively launching their spores. A pressurized vesicle generates pressure to
eject the spore at up to 20,000 g. (Reproduced from - Permission pending). (b) Sequence of the spore
ejection of Pilobolus kleinii (51). (¢) Cicadas Chremistica umbrosa feeding and peeing on Leopard tree,
Caesalpinia ferrea at the Labrador Nature Reserve, Singapore (Reproduced with permission from Tzi
Ming Leong). (d) The ‘law of urination’ shows mammals with a mass > 3 kg peeing in jets within 21 4 13
seconds while smaller mammals like rodents urinate in singular droplets. This law does not apply to
smaller insects like cicadas, which can urinate in powerful jets despite their smaller size (~ 5 g).
(Reproduced from (5)) (e) Spitting cobra (Naja mossambica) spitting a large venom jet in self-defense. (f)
Butterfly Lamprotera curius emitting a stream of urine. Panel adapted from Subhendukhan (CC BY 4.0)
(9) Bumblebee emitting a fluid jet mid-air. (Credit: Mark Parrot/SWNS.com) (k) Wood ant Formica
Rufa emitting a formic acid jet from its abdomen tip. (Credits: Terra Mater Studios) (z) Cone-head
termites Nasutitermes ezositos spitting a viscous jet against a larger ant predator (Credit: Tom Eisner).
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sap to extract sufficient nutrients (56).

3.2.1. Arthropods: Jetting Chemicals for Survival. Many arthropods, including Formica rufa work-
ers (redwood or horse ants), have evolved to discharge jets of chemicals for defense or predation.
These ants release a precise jet of formic acid from their abdomen, covering distances of several
centimeters (Figure 5 h). This acid serves dual purposes: predation and defense, and accounts for
up to 20% of their body weight (53). The production and storage of this acid occur in venom glands
within the gaster, and is released through an ‘acidopore’ located at the abdomen’s tip. Similar be-
havior is observed in other ant species, such as yellow crazy ants and tawny crazy ants. However,
the fluid dynamics governing the projection of formic acid remain not fully understood. This lack
of understanding is not surprising, considering the inherent challenges and potential dangers of
filming high-speed acid jets up-close. Our personal attempts to capture these phenomena have un-
derscored the complexity and risk involved. Given the fluid properties of formic acid (v = 37 mN/m,
p = 1.78 mPa.s, p = 1220 kg/mS) and the size of the acidopore of d < 100 um, we estimate their
fluid ejection to be on the order of We ~ O(100).

Conehead termites (Nasutitermes) have also evolved jet-spitting behavior for defense (57, 58)
(Figure 5 j). The soldiers of these termites squirt viscous jets from a nozzle-like head projection,
known as the nasus, toward perceived danger. The defensive substance serves a dual purpose:
immobilizing smaller attackers and deterring larger threats (59). The jets speed achieves speeds
of u ~ 0.4 m/s within ¢ ~ 250 ms, expanding almost two times their body length and forming
liquid-like lassos that can physically entrap large predatory ants (54, 30).

3.2.2. Cicadas: Powerful Fluidic Jets in Xylem-sap Feeders. Species of cicadas from the Amazon
and Southeast Asia produce a range of fluidic jets. Our ongoing (unpublished) work shows that
cicadas, given their larger size, have distinct fluidic capabilities compared to sharpshooters, another
type of insect known for feeding on xylem-sap (see discussion in section 3.1.1) (Figure 5 c-d).
Unlike sharpshooters, cicadas outmaneuver the inertio-capillary regime, generating fluidic jets with
We ~ 2. This capability could be linked to their need to digest vast amounts of xylem-sap fluids to
extract sufficient nutrients. However, a comprehensive understanding of the energetics encompassing
feeding, nutrient extraction, and excretion in cicadas remains unexplored. The study of cicadas has
been further complicated by their varied breeding times, with some species emerging annually while
others have life cycles spanning several years. The extreme difficulty in lab-rearing them has also
hindered research, and to date, no one has successfully cultured cicadas in a laboratory setting (60).

3.2.3. Fungi & Citrus: Explosive Fluid Jets. Many fungal species, including Ascomycota, Zygomy-
cota, and Entomophthoromycota, rely on a fracture-based release ejection mechanism to disperse
their spores (61). This process begins with water absorption into a specific chamber through osmo-
sis, leading to an impulsive jet release when the pressure reaches a critical level (0.31 — 1.54 MPa).

In Ascomycota, the fluid-filled chamber, known as asci, contains osmolytes that triggers an influx
of water before discharging with the spores. Gibberella zeae reports the fastest launch acceleration
and velocity at 870,000 g and 34.5 m/s, respectively (51) (Figure 5 a-b). Ascobolus immersus and
the “spitting” fungus Glomerobolus gelineus achieve launch distances of approximately 0.3 m, suffi-
cient to reach the turbulent boundary layer for wind dispersal (51, 62). The aerodynamic shape of
the spores and the operculum minimize energy loss and drag during ejection, extending distance and
reach. Ascomycetes eject spores collectively, and their synchronicity enhances dispersion, allowing
spore launches to achieve 20x greater distances than individual spores (63).

Pilobolus (Zygomycota), known as the ‘squirt-gun, ‘hat thrower’, or ‘fungal canon’, thrives on
herbivore dung. It forms spore-producing structures, sporangiophores, comprising a stalk (sterigma)
and a balloon-like vesicle. The fungal jets eject the spore within 0.01 to 0.03 ms, launching it at
peak accelerations of up to 21,407 g and a maximum velocity of 16 m/s, resulting in a launch
distance of 2.5 m at angles ranging from 70 to 90 degrees to the horizontal (64, 51).

This fracture release mechanism is not exclusive to fungi; citrus fruits also exhibit it (65). Oil
gland reservoirs in a compressible foam-like layer near the outer surface of citrus fruits rupture under
external bending deformation, raising the internal gauge pressure to 0.03 —0.14 MPa. This rupture
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releases high-speed microjets with a diameter of Dy = 102 & 20 pm, speeds of 8.5 + 4.0 m/s, and
accelerations of 5100 g over distances exceeding 1 mm. These jets’ characteristics are independent
of the reservoir or fruit size and lead to the exhaustive ejection of the fruit’s aromatic volatile oil.
The citrus jets undergo different breakup regimes at We > 8 for speeds greater than 1.6 m/s then
at We > 137, corresponding to speeds over 6.6 m/s (see Supplementary Information S3). The
function of this fluidic ejection in citrus fruits remains unknown.

3.2.4. Cobras: Precision in Venom Spitting. Cobras of the Naja genus have evolved a remarkable
mechanism for defending against threats by spitting venom with high precision. These snakes release
fast, pulsed fluid through their microscopic fangs (~ 500 pum), directing it with high precision toward
the eyes of threats up to 2 m away, and they can adjust the distribution of their spit with rapid
movements (55, 66, 67) (Figure 5 e). Spitting cobras exhibit distinct morphological adaptations in
their venom delivery system, setting them apart from non-spitting species. A more circular shape
of the discharge orifice, for instance, facilitates forward venom ejection, and the venom gland’s
contraction provides the force needed to propel venom through the hollow fangs. Microscale venom
channels, approximately 5 mm in length and 500 pm in diameter, feature symmetric ridges along
the ventral surface, and a 90° bend near the exit enhances precise control over venom flow (68).
Though the venom displays shear-thinning rheology, it shows negligible non-Newtonian effects once
in motion, reaching a viscosity of around 44 mPa.s under laminar flow conditions (Re < 100).
These physical properties ensure a predictable flow of venom. For the cobra species Naja pallida,
the ejection process consists of spits of 0.01 mL over a 40 ms duration, resulting in average speeds
of approximately 1.27 m/s, with peak exit velocities of 5 — 6 m/s (68).

3.3. Inertio-gravitational Regime: Bo > 1, We > 1

Fluid ejection in organisms where both inertial and gravitational forces dominate the surface tension
force constitutes the inertio-gravitational regime (Bo > 1, We > 1), where ejection is typically in
the form of jets and sprays. Within this regime, the Froude number Fr (see Box 1) may be relevant
to measure the relative effect between inertia and gravity.

Almost all mammals that weigh more than 3 kg urinate in the form of liquid jets and sheets
that are within the scope of this regime because of the high hydrostatic pressure caused by the long
urethra and the larger opening size of the same. In addition to mammals, other vertebrates, such
as archerfish and horned lizards, use inertio-gravitational jetting for both hunting and defending
themselves from predators.

3.3.1. Urination in mammals. Mammals weighing more than 3 kg urinate in liquid jets and sheets
in inertio-gravitational regime due to their large size, where inertia (and gravity) are important,
while surface tension effects are negligible. The inertio-gravitational regime encompasses urination
in a wide range of large mammals with We ~ O(10° — 10%) and Be ~ O(10° — 10?). The body
mass of the animals in this regime ranges from ~ 5 to 5,000 kg, and the size of their bladders varies
from 5 milliliters (ml) in cats to 18 liters (L) in elephants. Interestingly, the urine flow rate (Q) is
proportional to the body mass (M) as Q oc M°% within this jetting regime (Figure 5 d).

The urination start-up phase is transient, and the jetting dynamics depend largely on the size
and shape of the urethra opening and the pressure gradient. In larger animals, urination is driven
by larger bladder pressure and hydrostatic pressure (5, 69). Additionally, larger animals also have
a longer urethra, resulting in higher hydrostatic pressure, leading to higher flow rates. Thus, larger
animals expel larger amounts of liquid in a brief period of time with high flow rates, resulting in an
almost constant duration across large mammals (21 + 13 seconds) following the ‘law of urination’ (5)
(See section 3.1.3, Figure 5 d). In addition, the shape and roughness of the soft and flexible urethra
opening vary in different organisms, resulting in the formation of non-axisymmetric cylindrical jets
and irregular urine sheets (5, 70, 71) (Figure 6 b-c). The shape factor (4A/mD?) of the urethra
opening is 0.14-0.22 for man to dog (72), suggesting that the cross-sectional area is ~ 14 — 22% of
the cross-sectional area if it is assumed that the urethra is a rigid cylinder.

The urination kinematics of other mammals is largely understudied, and future research should
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Elephant

Figure 6

Jetting Phenomena in the Inertio-Gravitational Regime. (a) A horned lizard squirting blood from
its ocular sinuses. (Credit: J. Dullum / USFWS - CC BY 2.0 DEED) (b) A goat’s urination forms
cylindrical jets (Reproduced from (5)), (¢) An elephant’s urination results in chaotic ejecta sheet
formation. (Reproduced from (5)).

also cover marine mammals, such as blue whales, the largest mammal on Earth. Sei whales and
Fin whales urinate ~ 627 L and ~ 974 L a day (73), which is 10-20x the rate of urination in
elephants. Further work is needed to address the challenges associated with the data collection of
marine animals (Supplementary Information S4).

3.3.2. Precision Hunting in Archerfish Using Water Jets. Archerfish, belonging to the Tozotes
genus, actively hunt prey such as flies, spiders, and small lizards by shooting water jets in mangrove-
filled estuaries and freshwater streams. By raising their bony tongue to the roof of their mouth,
they form a tube to expel the liquid jet. The speed of the water jet at the opening of the fish
mouth is ~ 2 m/s, accelerating to 200 — 400 m/s? and dropping to zero in ~ 15 ms. During the
ballistic stage (~ 20 — 30 ms), the jet head accelerates and increases in volume. If the tail of the
jet is larger than the head, it provides additional thrust, leading to the overall axial compression
of the jet. This compression determines the transfer of mass and momentum from the tail to the
head of the jet (kinematic gathering phenomenon (9)), resulting in an average impact force of ~ 200
mN, well beyond the anchoring force of small insects and bugs. The jetting in archerfish lies in the
inertio-gravitational quadrant of Figure 3 with We ~ O(102) vs. Bo ~ O(10° — 10%).
Furthermore, a shorter impact time (A¢; ~ 1 — 3 ms) of the archerfish jets allows momentum
transfer. Such a short At; is enabled by the kinematic gathering and Rayleigh-Plateau instability,
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simultaneously amplifying the jet. For a better understanding of jet dynamics, for an orifice radius
of 1 mm, the Rayleigh wavelength is ~ 9 mm and the jet break time (7,) is nearly 11 ms.

As they grow and mature, the archerfish refine their jet-shooting skills for hunting, to improve
the speed and the precision of their jets (74). They even estimate the trajectory of the prey after
impact, capturing it before other predators can intervene (75). This ability is particularly impressive
when considering factors such as air friction, which can vary with the prey’s size and mass. The
archerfish’s jet amplifies with distance, a phenomenon once thought to be powered by internal
structures, is actually due to the kinematic gathering and hydrodynamic instability of the jets, with
the typical specific power of the jet at impact being approximately ~ 300 W /kg - higher than that
delivered by a vertebrate muscle (500 W/kg) (76). The archerfish regulates the liquid jet so that
the front consists of a single large-volume droplet, delivering a larger momentum to the prey. By
modulating the speed of the jet near the mouth, the archerfish increases the mass and speed of the
jet front, generating an impact force sufficient to overcome the anchoring force of insects, typically
around ~ 20 mN (for 100 mg body mass) (77).

3.3.3. Defensive Blood Squirts in Horned Lizards. Horned lizards possess an extraordinary ability
to shoot a jet of blood from their ocular sinuses (eye sockets) as a defense mechanism against
predators (78, 79). The muscles that line the veins around the eyes of the horned lizards contract,
resulting in increased pressure. These lizards cause the expulsion of blood in the form of jets
through further abrupt contraction of the muscles. Blood jets or squirts can travel up to a distance
of around 1 m, aiming to attack predators, generally canids (dogs) (80). The estimated Weber and
Bond numbers for blood squirts in horned lizards are in the range of We ~ O(10~* — 10') and

Bo ~ 0107 — 10"). These lizards also demonstrate a pattern of repetitive jetting.

3.4. Gravitational regime: Bo > 1, We < 1

In this regime, gravitational forces dominate over surface tension and inertial forces. This gravity-
driven ejection primarily occurs either over extended periods through micrometer-scale openings
(plant guttation) or slow dripping from millimeter-scale ones (dribbling). Fluid ejection typically
occurs as a result of increased forces in fluidic conduits due to high hydrostatic forces or sudden
surges in internal pressure surges, such as in plant guttation. Owing to small characteristic length
scales and insufficient inertia, fluid ejection may lie in a transition region from the surface tension
regime to the gravitational regime. Droplets form at the conduit’s tip and grow in size from the
steady influx of incoming fluid. When droplets reach a critical mass where gravitational forces
overcome surface tension, they detach and fall freely (Box 2). In large nozzles, a low pressure
gradient in the nozzle causes droplet formation and subsequent growth, followed by free fall under
the effect of gravity.

Biologically, this regime may correspond to residual fluids in a fluidic pipe or to situations
where fluid control is less critical. This passive reliance on external gravitational fields can lead to
challenges and potential fouling risks. Many biological fluid ejections ultimately transition to this
regime, especially at the end of the ejection process, where residual fluid or muscular contraction
limitations can cause a dribbling effect, e.g., dribbling after urination.

3.4.1. Plant Guttation. Root pressure releases xylem and phloem sap droplets from plant leaves
through guttation. Specialized structures known as hydathodes facilitate water exudation at the tip,
edges, and margins of leaves (81, 82). Droplets at the leaf apex (or edges) grow in size and wither
fall under gravity or evaporate (Figure 7 a). Guttation mainly occurs at night when transpiration is
absent. Though usually harmless, guttation can promote microbial growth, leading to plant diseases
(83). Plant guttation is one of the slowest processes of fluid ejection in comparison to almost every
other example discussed in this review paper. In Zantedeschia aethiopica plants, droplets form
and fall in approximately ~ 30 minutes, with fluid ejection charecterized by We ~ O(10~2) and

Bo ~ O(10° — 10Y).
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Figure 7

Gravitational Fluid Ejection in Plants and Humans. (a) A strawberry plant releases xylem fluid at
the leaf tip after a rainy night. The droplets grow until gravitational forces overcome capillary adhesion,
leading them to roll off or evaporate. (Credit: Elio J. Challita) (b) Tears flow through openings (puncta)
in the eye, and during excessive tearing, tear droplets slowly grow and drain under the influence of gravity.
(Credit: Elio J. Challita)

3.4.2. Human Tears: Basal, Reflexive, and Emotional Tears. Human tears, generated by the
lacrimal glands, are complex physiological responses to various stimuli. Comprising three layers—an
outer oily layer, a central aqueous layer, and an inner mucous layer—they nourish, lubricate, and
protect the eyes. Emotional crying involves the brain’s limbic system, specifically the hypothala-
mus, which triggers increased tear production during strong emotions. Emotional tears differ from
normal ones, and tears shed by female individuals have been shown to convey a chemosignal that
reduces sexual arousal and testosterone levels in men (84).

Tears flow through puncta openings (~ 300 — 400 pm in diameter) at the inner eyelid corners
(Figure 7 b). Flow rates range from 0.6 — 100 pL/min, depending on the tear type, whether basal,
emotional, or reflex. High flow rates may cause tears to overflow and flow down the cheek, a fluid
mechanical phenomenon still understudied.

4. Beyond the Newtonian Framework: Complex Fluid Ejections in Biological Systems

The conventional study of fluid ejections has largely been confined to the Newtonian framework,
characterized by Bond and Weber numbers (see Box 1 & 2) (Figure 3), providing foundational
insights into simple fluids with linear shear stress-shear rate relationships. However, biological sys-
tems often present more intricate dynamics, including non-Newtonian behaviors that transcend this
elementary description (85). This section marks a transition into the exploration of these complex
phenomena, extending the discussion to underwater ejections, air-water interfacial dynamics, and
complex airborne fluids. We delve into fluid-fluid interfacial dynamics, including Marangoni effects
at the air-water interface, which were beyond the scope of the previous section’s focus on aerial fluid
ejection. The complexity of multiphase flows, such as atomization, aerosolization, and turbulence,
is also explored, extending beyond the single-phase liquid ejection within the Newtonian framework.
We also discuss the unique shapes and properties of biological nozzles, including elastic, corrugated,
and soft types, which introduce elastocapillarity and elastohydrodynamic instabilities to the ejected
fluid. These complexities provide a more comprehensive understanding of jets and sprays, reflecting
the multifaceted nature of fluid ejections in biological systems, and set the stage for the detailed
examination of complex fluids in the subsequent sections.

Non-Newtonian fluids, characterized by non-linear relationships between shear stress and strain
rate, offer a broader perspective that encompasses the complex behaviors found in nature. These
fluids, whose viscosity depends on the applied shear rate, are employed by organisms for various
functions such as locomotion, protection, hunting, and reproduction.

Most of non-Newtonian fluids in nature are viscoelastic, possessing both viscous and elastic com-
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ponents. Unlike Newtonian fluids, viscoelastic fluids resist extension, leading to unique phenomena .
such as beads-on-a-string (86, 87). These complex behaviors are characterized by dimensionless Bead-on-a-string

numbers such as Deborah and Weissenberg numbers, defined in Box 3, and are essential in under- L?lgnifglej on where
standing viscoelastic flow (88, 89). the extension of
certain fluids (e.g.,
5 to the
Box 3: Dimensionless Numbers for Non-Newtonian (Viscoelastic) Fluids. The following dimen- ° discrete
sionless numbers are essential in characterizing the ejection of non-Newtonian fluids: adi)
7 thin
\v rings).

Deborah number, De = Weissenberg number, Wi =

T’ i

Essentially, De is the ratio of the characteristic time of the fluid (\) and the observation time (7), and
it determines the degree to which elasticity is expressed in response to a transient deformation. Whereas
Wi is defined as a product of the characteristic time of the fluid and the characteristic rate of deformation
(v/L, where v is the fluid velocity at the nozzle exit, L is the characteristic length of the nozzle).

These numbers are particularly useful for characterizing viscoelastic flows, representing the ratio of
elastic to viscous forces, and correlating the fluid’s relaxation time with the observation time (88, 89). Their
application in fluid ejection in living systems has been limited, but they hold the potential to gain insights
of the rheological behavior of non-Newtonian fluids in nature and the industrial and natural contexts related
to them.

Viscoelastic fluids are ubiquitous in nature and industry, found in organisms such as pitcher
plants, deep-sea hagfish, velvet worms, and termites, as well as in industrial applications like food
production, blood testing, adhesives, and paints (90, 91, 92, 93, 30). The transition to a more
complex understanding of fluid ejections, beyond the Newtonian framework described in the section
3, holds significant relevance for real-world applications, potentially uncovering new avenues in fields
such as additive manufacturing and drug delivery. The exploration of these complex phenomena
underscores the need for further research and the challenges in characterizing these intricate fluid
behaviors.

4.0.1. Active Nozzle Control in Velvet Worms’ Slime Jets. Velvet worms (Phylum Onychophora)
eject slime jets, an extraordinary example of organismal fluid ejection, by leveraging “actively
controlled soft nozzles.” (92, 94) (Figure 8(a) shows an example of slime jetting in velvet worms).
Several species of these worms can be found in Southeast Asia, Central America, and South America.
Slime jets display an elastohydrodynamic instability, resulting in oscillatory motion. The worms
slowly contract their slime reservoir, forcing the slime through a narrow duct, and control this
contraction to enhance jet speed. The ejected jets reach speeds of approximately ~ 3—5 m/s over a
total duration of around ~ 64 ms and oscillate at frequencies of roughly ~ 30-60 Hz (92). Employed
for both defensive and predatory purposes, slime forms a web-like pattern that hardens to trap and
capture prey.

4.0.2. Spitting Spiders: Oscillatory Viscoelastic Threads. Spitting spiders (Scytodes spp.) utilize
a complex mechanism to discharge a combination of silk, venom and adhesive through their fangs,
creating a distinctive zigzag pattern (Figure 8)(b) (93, 98, 96). This pattern is formed due to the
oscillatory motion of the fangs, with the spit exiting through a narrow orifice of approximately ~14
pum in diameter. The ejection lasts 35 ms and reaches a maximum speed of 28 m/s, with oscillating
frequency reaching up to ~2 kHz, and averaging around ~1 kHz.

The zigzag pattern results from the fangs’ oscillation along the lateral-medial axis, coupled with
a traversing motion from ventral to dorsal due to the elevation of the chelicerae. (96). This motion
leads to the production of glue beads on silk threads during lateral-to-medial sweeps of the fangs,
while medial-to-lateral sweeps produce simple fibers. This behavior, reminiscent of the beads-on-a-
string phenomenon, requires further investigation, particularly as viscoelastic jetting from narrow
elastic nozzles of the order of O(10') um holds special interest for industrial applications.
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Spitting spider

Microvelia

Figure 8

Examples of complex fluid ejections in nature. (a) Velvet worms (Euperipatoides rowelli) shooting
viscoelastic jets for defense (Reproduced from (95)), (b) Spitting spider (Scytodes thoracica) spitting
viscoelastic jets in zigzag formation (Reproduced from (96)) (¢) Snails (Gastropoda) leaving slime trails,
which is exuded under their muscular feet for adhesive locomotion ( Credit: Thales/CC BY-2.0), (d)
Pitcher plant (Nepenthes sibuyanensis) trap insects in their viscoelastic fluids , (e) Octopus (Octopus
vulgaris) employing jet propulsion to locomote underwater in the Mediterranean Ocean, (Credit:
Albert/kok - CC BY-SA 3.0), (f) Microvelia moving across the water surface using marangoni propulsion
by ejecting surface active fluids through their proboscis, leaving a white trail by displacing the dye
(Credits: John Bush and David Hu (97)).

The high oscillation frequencies observed in this process are likely caused by hydrodynamic forc-
ing, generated as the fluid is ejected through the narrow elastic nozzle. Additionally, asynchronous
coupling with muscles may contribute to this phenomenon, where a single muscle contraction can
induce an oscillatory motion of the fangs (96). This intricate mechanism demonstrates the com-
plexity of fluid dynamics in biological systems and underscores the need for detailed study and
characterization.

4.0.3. Adhesive Locomotion: Gastropods’ Viscoelastic Mucus. Gastropods (snails and slugs) uti-
lize viscoelastic mucus for adhesive locomotion (85, 99). Figure 8(¢) shows a slime trail left by snail.
Consisting mostly of water, with glycoproteins accounting for less than 10%, the mucus is viscoelas-
tic and forms a thin layer about 10-20 pm thick (100). To move on this mucus film, gastropods
create muscular waves along their ventral side, which are composed of alternating contractions and
relaxations (101, 102). During contraction, these waves are transmitted to the mucus layer, which
undergoes large strains that disrupt the mucus network. This elastic solid-like material yields at
large strain rates and behaves like a viscous fluid. During the relaxation stage, the mucus heals and
reforms its gel network, allowing locomotion (100). The rhythmic discharge of mucus is controlled
by the fluctuating blood pressure in the gastropod’s foot through pores in the epidermis (103).

4.0.4. Defensive Slime Ejection: Hagfish’s Rapid Response. The hagfish (Myzinidae), an eel-
shaped marine fish, can generate a large amount of slime in a very short period of time, releasing it
from its ventral pores into the ocean (91, 104). These fish dwell in the deep oceans and feed near the
sea floor. The slime ejected by hagfish comes in contact with water and undergoes physico-chemical
reactions to form a fibrous gel with ultralong threads of protein and hydrated mucus, rendering
it flexible for an effective defense mechanism. When provoked, hagfish eject slime, blocking the
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mouth and gills of their predators (105, 106) helping them escape. Rheologically, the slime exhibits
elongational thickening during predator suction feeding and shear thinning during their escape.
Furthermore, hagfish slime is expected to behave as a drag-reducing agent. Some studies limited to
low concentrations showed negligible drag reduction through evaluation of Wi, and future studies
using higher concentrations are required in order to characterize this behavior (107).

4.0.5. Carnivorous Plants: Predatory Capture with Viscoelasticity. Carnivorous pitcher plants of
genus Nepenthes secrete viscoelastic fluids to capture prey (108). The species depictedin Figure
8(d) is Nepenthes sibuyanensis. In N. rafflesiana, the capture rate of flies and ants is higher (nearly
100%) when the Deborah number (De) is greater than unity, i.e., De > 1. This indicates that
higher capture rates occur when the fluid’s elastic forces do not have time to relax due to the
insect’s swimming strokes. The Deborah number is the ratio of the elastic relaxation time of the
fluid to the half-period of the swimming stroke of the insects. For De < 0.1, the capture rate of the
flies is as low as 0%, while the capture rate of the ants is ~ 20%. The lower surface tension of the
fluid (~ 60 mN/m) also aids in sinking the prey (109).

4.1. Fluid-Driven Propulsion: Navigating Underwater and Air-Water Interfaces

Aquatic and semi-aquatic organisms often achieve rapid propulsion underwater or at the air-water
interface by either ejecting fluid from their bodies or utilizing environmental fluid. This section
explores various mechanisms and examples of fluid ejection for propulsion.

4.1.1. Underwater Jet Propulsion in Aquatic Invertebrates. Marine invertebrates such as
cephalopods (octopuses, squids, and cuttlefish), jellyfish, and insect larvae, employ jet propulsion
for high-speed locomotion underwater (2, 110, 111, 112, 13). Pulsed jetting, where the pressure
created by the pulse jetting behind the organism, produces almost 30% more thrust than a contin-
uous jet (113). Squids, chordates, octopus and jellyfish utilize this mechanism. Figure 8(e) shows
an example of octopus locomoting via jet propulsion under water. Squids, for example, are among
the fastest marine invertebrates, achieving maximum speeds of 5 — 10 m/s through pulsatile jet
propulsion (114). To achieve this, squids use their body cavity as a pressure chamber and a narrow
tube termed a siphon for the expulsion of water (114, 115). The elasticity of the cavity wall and
specific muscles power body deformation, enabling pulsatile jetting for burst propulsion (115, 116).
Salps, a type of chordate, create pulse jets with speeds of approximately 3.3 cm/s (Re ~ 200 — 400)
and usually swim at a rate of 1.2 to 1.7 cm/s (13, 117). Jellyfish also use single jets for locomotion
and predator evasion (13).

Dragonfly larvae utilize their hindguts as extreme biological pumps, ejecting repetitive jets from
their anus for propulsion underwater. They modulate the orifice of the anus using an anal valve,
with a reported diameter of 0.4 mm. The velocity of the jet during propulsion typically ranges
from 1 —2 m/s, with each jet lasting 100 ms, resulting in an estimated swimming speed of 10 cm/s
(118, 119).

4.1.2. Harnessing Surface Tension: Marangoni Propulsion in Water Striders. Water striders from
genera Microvelia and Velia (family Vellidae), along Rove beetles (genus: Stenus, family: Staphylin-
idae), have developed a remarkable method of rapid escape from predators by utilizing Marangoni
propulsion at the air-water interface (120, 121, 122). Figure 8(e) shows Microvelia locomoting on
water using marangoni propulsion. These insects eject surface-active fluids that lower the surface
tension behind them, propelling them forward. Rove beetles of the genus Stenus employ this mech-
anism to achieve speeds up to 45 — 70 cm/s, nearly 30x faster than their normal swimming speeds
(120). Similarly, Microvelia species use their proboscis to eject surfactants, reaching speeds up to
17 cm/s, slightly exceeding their water-running speed (123, 97).
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4.2. Explosive Expulsions: Unleashing Multiphase Sprays

The explosive expulsion of fluids, whether through human sneezes or dolphin blowholes, showcases
the intricate interplay between biomechanics and fluid dynamics. These multiphase sprays provide
not only insight into biological functions but also open doors for applications in fields like medical
diagnostics and marine biology. The following sections explore specific examples, shedding light on
the underlying mechanisms and potential applications.

4.2.1. Human Sneezes: Turbulent Clouds of Aerosols. When humans sneeze or cough, they release
turbulent clouds of aerosols and droplets from the nose and mouth (124, 125). This process begins
with the buildup of air pressure in the lungs, which, upon sudden opening of the glottis, bursts
forth as a multiphase flow. The maximum speed of this flow during a sneeze reaches around 15 m/s
(126). These droplets often contain pathogens, leading to the transmission of respiratory diseases
when spread through coughing or sneezing (127).

4.2.2. Chuffing in Dolphins and Whales: Characterizing Blowhole Ejections. Dolphins and whales
eject turbulent two-phase impulsive jets composed of air, mucus, and water, a phenomenon known
as “chuffing”. Before taking a new breath, they forcefully expel these multiphase contents from
their lungs (128, 129). The whale blowholes, approximately ~ 5 cm in size, allow for ejections that
last around ~ 0.3 seconds and reach maximum speeds of up to ~ 27.5 m/s (130). Marine scientists
are particularly interested in collecting mucus from these ejections, despite the challenges, as it
helps gauge the stress levels of these marine mammals (Figure 1(f)).

4.3. Insect Arsenal: Chemical Warfare and Fluid Dynamics

Insects exhibit remarkable abilities in ejecting chemical sprays for defense, showcasing a complex
interplay between chemistry and fluid dynamics (57, 59). Bombardier beetles, European wood ants,
and twostriped walkingsticks (Anisomorpha buprestoides) employ these chemical tactics (131, 132).

Bombardier beetles store a reactant solution (hydrogen peroxide, hydroquinones, and alkanes)
and a solution of peroxidase and catalase enzymes in separate chambers. During ejection, these
chemicals interact, facilitating an exothermic reaction that forms a mixture of quinones, ejected at
a scalding 100 °C. The beetles discharge this defensive spray as a pulsating jet at a rate of 500
pulses per second, with a typical speed of around 10 m/s and a duration of approximately 11 ms
(132, 133).

The twostriped walkingstick, on the other hand, fends off predators by ejecting a milky white
fluid up to 30-40 cm away (134). Secreted from glands near the thorax and containing terpene
dialdehyde (135), this fluid effectively deters various organisms, including ants, beetles, and birds.

The fluid dynamics associated with these ejections are equally fascinating. For example, the
bombardier beetle controls the direction of the spray discharge using the “Coanda effect” (136), a
phenomenon where the fluid flows along the curvature of a surface. The study of chemical warfare
and fluid ejections in insects, particularly in unsteady and complex environments, remains an open
and intriguing area of research, offering promising avenues for understanding biological functions
and potential applications in various fields.

4.4. Intricate Characteristics of Nature’s Fluidic Conduits

The study of fluid ejection in nature extends beyond simple geometries, delving into the complex and
multifaceted world of biological conduits. The following sections explore the elasticity, corrugations,
and geometry of these conduits, shedding light on the intricate dynamics that govern fluid flow in
living organisms.

4.4.1. Elasticity: Interplay of Form and Function. Elasticity within a nozzle significantly influences
jetting dynamics. Pressure-driven flow through an elastic pipe may lead to pipe expansion, altering
its shape and configuration, and potentially giving rise to instabilities. This phenomenon is observed
in the mammalian urethral lumen, which can enlarge during peristaltic action (137). Velvet worms
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exemplify this, employing a syringe-like ejection mechanism with a flexible, accordion-shaped oral
papilla to emit a slime-like jet. The resulting fluidic ejection exhibits large, rapid oscillations,
enabling the coating of extensive prey surfaces. These oscillations stem from the interplay between
fluid inertia and papilla elasticity, allowing high-frequency jet oscillations without the need for rapid
muscle contractions or neural control (138).

4.4.2. Corrugations: Hidden Complexities. Biological conduits often feature non-smooth interiors
with surface structures, adding complexity to fluid flow. The mammalian urethra’s corrugations, for
example, reduce the effective pipe area and flow speed (70, 137). This internal roughness becomes
pronounced under high Reynolds number conditions (Re > 2300), where inertia plays a significant
role. The interaction of the fluid with these internal structures affects the shape and breakup of the
exiting jet, adding layers of complexity to the flow profile (139) (Supplementary Information S4).

4.4.3. Geometry: Shaping the Flow. The non-circular geometries of biological pipes and nozzles,
including elliptical, triangular, rectangular, and tapered shapes, influence the fluid flow profile
within a channel and the hydrostatic resistance. These geometrical effects may be accounted for
using a correction factor a (140). Nozzle shape may also affect droplet size during dripping, with
circular nozzles yielding the largest droplets at a given critical pressure. For example, droplet
volume reduced by 18% with a triangular nozzle with stretched corners compared with a circular
one. Such non-circular nozzles enable more tailored fluid control by leveraging geometry which may
be the case in certain biological systems (141).

5. Harnessing Fluid Ejections in Living Systems: A Pathway to Innovation

Nature’s organisms have evolved sophisticated mechanisms for fluid ejection to carry out essen-
tial activities such as hunting, eating, self-defense, and excretion. Beyond the scientific curiosity
to unravel these fascinating processes, there is a wealth of knowledge to be gleaned for technical
applications. Drawing inspiration from natural systems has already led to innovations such as air-
craft and aerial robot wing designs, gecko-inspired adhesive materials (142), and superhydrophobic
structures (143). Similarly, fluid ejection systems in living organisms present a range of potential
technological applications.

Sharpshooters launch their pee droplets using superpropulsion, an energy-efficient method of
expelling liquid droplets (34). This mechanism could find applications in removing water from
electronic gadgets, such as smartwatches, which rely on vibration-induced water removal 9(a).
Combined with existing methods that use an acoustic signal, superpropulsion could enhance the
effectiveness of water expulsion (145).

The pulsed jetting mechanisms in archerfish have potential applications in inkjet printing and
drug delivery (Figure 9(b)). Archerfish use an “active nozzle” to increase the momentum of the
jet’s front, a technique that could be applied to jet injections of medications beneath the skin (146).
The repetitive and continuous drop formation in archerfish jets could also be harnessed for inkjet
printing.

Organisms like velvet worms, spitting spiders, and termites shoot jets of viscoelastic material
through small openings (Figure 9(c)) (92, 96). In additive manufacturing, ejecting viscoelastic fluid
through narrow micrometer-scale orifices has been challenging. Studying the nozzle structure of
these organisms could guide the design of flexible and robust nozzles for applications such as 3D
printing of hydrogels.

The study of ejection mechanisms and fluid dynamics in underwater organisms like jellyfish,
octopuses, squids, and dragonfly larvae has inspired the development of efficient underwater robots
(147, 148, 149). These natural propulsion systems offer valuable insights for creating innovative
and effective robotic designs (Figure 9(d)).

Other interesting applications include the development of the pMist system by Swedish
Biomimetics, which is based on flash evaporation of the liquid while exiting a chamber to form
a spray and is inspired by the spray formation mechanism in bombardier beetles (150). Further-
more, the coalescence-inducing drop jumping mechanism observed in fungal spores can be used in a
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Figure 9

Innovative Applications Inspired by Natural Fluidic Ejections. (a) Expulsion of water from
electronic gadgets like watches, utilizing the superpropulsion phenomena observed in sharpshooters (4), (b)
The jetting phenomenon in archerfish, applicable in drug delivery and inkjet printing (77), (¢) Micron-scale
viscoelastic jetting via soft nozzles in velvet worms and spitting spiders, offering insights for nozzle design
in additive manufacturing (d) Squid-inspired robots employing jet propulsion for rapid and efficient
locomotion (144).

wide range of applications, such as self-cleaning of surfaces, heat transfer, anti-icing, etc. (46, 26).

6. Concluding Remarks

In this review, we have dissected fluid ejections in biological systems across scales, unraveling
underlying physical principles and biological functions. The intersection of biomechanics and fluid
dynamics has provided insights into how organisms handle fluids, from repetitive ejections for
functions like excretion and hunting to single-shot, destructive ejections in fungi and insects.

We have identified diverse mechanisms, including muscle contraction, gravity, and surface ten-
sion, leading to a wide spectrum of fluidic ejections. Large living systems rely on gravity and inertia,
while small volumes depend on surface tension and inertia, with complex dynamics in both.

Beyond the Newtonian framework, we have explored intricate fluid dynamics of complex fluids,
opening new avenues for technological innovation. The control over ejected fluid has been a focal
point, emphasizing the balance organisms must achieve for specific functional needs.

Open areas for research abound, from the excretion dynamics of cicadas to the chuffing of marine
animals like whales. Investigating these unexplored territories may reveal insights into broader
ecological patterns and environmental responses. These phenomena may serve as non-invasive ‘bio
fluid diagnostics’, offering insights into ecosystem health and the effects of climate change, akin to
how human sneezing helps understand disease transmission.

The use of ‘active nozzles’ by organisms such as conehead termites, spitting spiders, velvet
worms, and archerfish to control complex fluid ejection remains an under-studied area. It holds
immense potential in designing smart nozzles for applications ranging from drug delivery to on-
demand printing in food engineering or additive manufacturing.

Although beyond the scope of this work, this topic is ripe for discovery. From the unexplored
realms of cellular sub-cellular ejection in bacteria and protozoa to diatoms’ adhesive ejection for
locomotion, this review serves as a springboard to nature’s immense fluid ejections waiting to be
discovered. Finding the marvelous in the mundane, these phenomena open a world of exploration
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and inspiration.
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1. Nature’s fluid ejections are diverse, spanning various taxa, timescales, and physical scales.

2. We present a framework for dripping and jetting based on the Bond (Bo) and Weber
(We) numbers, categorizing fluid ejections into four quadrants: Surface tension regime
(Bo < 1, We < 1), inertio-capillary regime (Bo < 1, We > 1), inertio-gravitational
(Bo > 1,We > 1), and gravitational (Bo > 1, We > 1).

3. In the surface tension regime (Bo < 1, We < 1), organisms overcome fluid adhesion chal-
lenges by exploiting surface tension properties, such as ejecting droplets using elasticity,
reducing it with coatings, or relying on external agents. Some organisms even leverage
capillary adhesion for evaporative cooling, akin to mammalian sweating.

4. The inertio-capillary regime (Bo < 1, We > 1) sees inertial forces dominating, with surface
tension more significant than gravity. Here, small organisms must overcome surface tension
and viscous forces to pump fluids at high speeds. This regime includes diverse mechanisms
like fracture-based ejections (fungal cannon, citrus glands) and defensive strategies (Wood
ants, Nasutitermes), as well as large insects’ jet urination.

5. In the inertio-gravitational regime (Bo > 1, We > 1), inertia and gravity drive fluid
ejection as liquid jets and sheets. Examples include urination in large animals and the
shooting of jets by archerfish and horned lizards for predation and defense.

6. The gravitational regime (Bo > 1, We < 1) involves gravity-driven fluid flow from nozzles,
either as very slow dripping in small nozzles or immediate flow in large ones. Most
quadrants converge into this regime at the end of their fluid ejections.

7. A significant subset of fluid ejection in nature falls outside the Newtonian framework of
We vs. Bo. The complex dynamics of phenomena like slime ejection in terrestrial and
marine organisms or marangoni propulsion in Microvelia demand further study.

8. The applications of fluid ejections in nature, from electronic gadgets to underwater propul-
sion in squids, are endless and warrant diligent exploration.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We thank Sheila Patek, Sunny Jung, David Hu, and Simon Sponberg for their valuable help and
suggestions. We thank Prateek Sehgal and Jaime Quispe Nina for their help in data collection and
analysis for cicada data in Peru. We thank the Bhamla lab for helpful discussions and comments.
M. S. B. acknowledges funding support from the NIH Grant R35GM142588 and the NSF Grants
POLS-2310691, CAREER 10S-1941933, MCB-1817334, CMM1I-2218382 and EF-1935262; and the
Open Philanthropy Project. P. R. acknowledges the financial support provided by the Eckert
Postdoctoral Fellowship from the Georgia Institute of Technology.

Challita et al.



LITERATURE CITED

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

Laurent Pfister, Hubert HG Savenije, Fabrizio Fenicia, et al. Leonardo Da Vinci’s water theory: on
the origin and fate of water. Iahs Press, 2009.

. Steven Vogel. Life in Moving Fluids: The Physical Biology of Flow. Princeton University Press,

Princeton, NJ, 2nd edition, 1996.

. Ivan Marusic and Susan Broomhall. Leonardo da vinci and fluid mechanics. Annual Review of Fluid

Mechanics, 53:1-25, 2021.

. Elio J Challita, Prateek Sehgal, Rodrigo Krugner, and M Saad Bhamla. Droplet superpropulsion in

an energetically constrained insect. Nature Communications, 14(1):860, 2023.

. P. J. Yang, J. Pham, J. Choo, and D. L. Hu. Duration of urination does not change with body size.

Proceedings of the National Academy of Sciences, 111(33):11932-11937, 2014.

. M. R. Weiss. Defecation behavior and ecology of insects. Annu Rev Entomol, 51:635-61, 2006.
. Bryn Keller and Ted Willke. Snotbot: A whale of a deep-learning project. IEEE Spectrum, 56(12):41—

53, 2019.

. Leonardo Da Vinci. The notebooks of Leonardo da Vinci, volume 1. Courier Corporation, 2012.
. Jens Eggers and Emmanuel Villermaux. Physics of liquid jets. Reports on progress in physics,

71(3):036601, 2008.

Wim van Hoeve, Stephan Gekle, Jacco H. Snoeijer, Michel Versluis, Michael P. Brenner, and Detlef
Lohse. Breakup of diminutive rayleigh jets. Physics of Fluids, 22(12):122003, 2010.

Christophe Clanet and Juan C. Lasheras. Transition from dripping to jetting. Journal of Fluid
Mechanics, 383:307-326, 1999.

Gerald G Fuller and Jan Vermant. Complex fluid-fluid interfaces: rheology and structure. Annual
review of chemical and biomolecular engineering, 3:519-543, 2012.

Brad J Gemmell, John O Dabiri, Sean P Colin, John H Costello, James P Townsend, and Kelly R
Sutherland. Cool your jets: biological jet propulsion in marine invertebrates. Journal of Ezperimental
Biology, 224(12):jeb222083, 2021.

Pierre-Gilles de Gennes, Francoise Brochard-Wyart, and David Quéré. Capillarity and wetting phe-
nomena: drops, bubbles, pearls, waves. Springer, 2004.

J.W.M. Bush. 18.357 interfacial phenomena, fall 2010, 2010.

S. P. Lin and R. D. Reitz. Drop and spray formation from a liquid jet. Annual Review of Fluid
Mechanics, 30(1):85-105, 1998.

Elisabeth A. Bergman, Emma L. Green, and Philip G. D. Matthews. The cibarial pump of the xylem-
feeding froghopper (Philaenus spumarius) produces negative pressures exceeding 1 mpa. Proceedings
of the Royal Society B: Biological Sciences, 288(1954):20210731, 2021.

Christophe Clanet and Juan C Lasheras. Transition from dripping to jetting. Journal of fluid mechan-
ics, 383:307—-326, 1999.

Mark Denny. Air and water: the biology and physics of life’s media. Princeton University Press, 1993.
David L Hu and John WM Bush. Meniscus-climbing insects. Nature, 437(7059):733-736, 2005.
Victor M Ortega-Jimenez, Elio J Challita, Backgyeom Kim, Hungtang Ko, Minseok Gwon, Je-Sung
Koh, and M Saad Bhamla. Directional takeoff, aerial righting, and adhesion landing of semiaquatic
springtails. Proceedings of the National Academy of Sciences, 119(46):€2211283119, 2022.

Moe Kasahara, Shin-ichi Akimoto, Takahiko Hariyama, Yasuharu Takaku, Shin-ichi Yusa, Shun Okada,
Ken Nakajima, Tomoyasu Hirai, Hiroyuki Mayama, Satoshi Okada, et al. Liquid marbles in nature:
craft of aphids for survival. Langmuir, 35(18):6169-6178, 2019.

Chloé Lahondeére and Claudio R Lazzari. Mosquitoes cool down during blood feeding to avoid over-
heating. Current biology, 22(1):40-45, 2012.

Jessica L Stolze-Rybczynski, Yunluan Cui, M Henry H Stevens, Diana J Davis, Mark WF Fischer,
and Nicholas P Money. Adaptation of the spore discharge mechanism in the basidiomycota. PloS one,
4(1):e4163, 2009.

Arthur Henry Reginald Buller. Researches on Fungi..., volume 2. Longmans, Green and Company,
1922.

Chuntian Liu, Meirong Zhao, Yelong Zheng, Luya Cheng, Jiale Zhang, and Clarence Augustine TH
Tee. Coalescence-induced droplet jumping. Langmuir, 37(3):983-1000, 2021.

Fangjie Liu, Roger L. Chavez, S. N. Patek, Anne Pringle, James J. Feng, and Chuan-Hua Chen.
Asymmetric drop coalescence launches fungal ballistospores with directionality. Journal of The Royal
Society Interface, 14(132):20170083, 2017.

Nathan Pike, Denis Richard, William Foster, and L. Mahadevan. How aphids lose their marbles.
Proceedings of the Royal Society of London. Series B: Biological Sciences, 269(1497):1211-1215, 2002.

www.annualreviews.org » Fluid ejections in nature 25



26

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

G Edgar Folk and A Semken. The evolution of sweat glands. International Journal of Biometeorology,
35:180-186, 1991.

Elio Challita, PANKAJ ROHILLA, Prateek Sehgal, Jacob Harrison, and Saad Bhamla. The dynamics
of microjet spitting in termite soldiers. Bulletin of the American Physical Society, 2023.

Richard A. Redak, Alexander H. Purcell, Jodo R.S. Lopes, Matthew J. Blua, Russell F. Mizell III,
and Peter C. Andersen. The biology of xylem fluid-feeding insect vectors of xylella fastidiosa and their
relation to disease epidemiology. Annual Review of Entomology, 49(1):243-270, 2004. PMID: 14651464.
K Okumura, F Chevy, D Richard, D Quéré, and C Clanet. Water spring: A model for bouncing drops.
Europhysics Letters (EPL), 62(2):237-243, apr 2003.

M Hubert, D Robert, H Caps, S Dorbolo, and N Vandewalle. Resonant and antiresonant bouncing
droplets. Phys Rev E Stat Nonlin Soft Matter Phys, 91(2):023017, feb 2015.

Christophe Raufaste, Gabriela Ramos Chagas, Thierry Darmanin, Cyrille Claudet, Frédéric Guittard,
and Franck Celestini. Superpropulsion of droplets and soft elastic solids. Phys. Rev. Lett., 119:108001,
Sep 2017.

Caroline R. Szczepanski, Frédéric Guittard, and Thierry Darmanin. Recent advances in the study
and design of parahydrophobic surfaces: From natural examples to synthetic approaches. Advances in
Colloid and Interface Science, 241:37-61, 2017.

Peter C. Andersen, Brent V. Brodbeck, and Russell F. Mizell I1I. Metabolism of amino acids, organic
acids and sugars extracted from the xylem fluid of four host plants by adult homalodisca coagulata.
Entomologia Ezperimentalis et Applicata, 50(2):149-159, 1989.

Vojtech Novotny and Michael R. Wilson. Why are there no small species among xylem-sucking insects?
Evolutionary Ecology, 11(4):419-437, 1997.

Lorna Chumley Berlin and Edwin T. Hibbs. Digestive system morphology and salivary enzymes of the
potato leathopper, empoasca fabae (harris) leathopper, empoasca fabae (harris). Proceedings of the
Towa Academy of Science, 70:527-540, 1963.

Wei Wang, Chen Ji, Fangye Lin, Jun Zou, and S. Dorbolo. Water drops bouncing off vertically vibrating
textured surfaces. Journal of Fluid Mechanics, 876:1041-1051, 2019.

NJ Fokkema, I Riphagen, RJ Poot, and C De Jong. Aphid honeydew, a potential stimulant of cochliobo-
lus sativus and septoria nodorum and the competitive role of saprophytic mycoflora. Transactions of
the British Mycological Society, 81(2):355-363, 1983.

TG Benton and WA Foster. Altruistic housekeeping in a social aphid. Proceedings of the Royal Society
of London. Series B: Biological Sciences, 247(1320):199-202, 1992.

L Mahadevan. Non-stick water. Nature, 411(6840):895-896, 2001.

L Broadbent. Aphid excretion. In Proceedings of the Royal Entomological Society of London. Series
A, General Entomology, volume 26, pages 97-103. Wiley Online Library, 1951.

Andrew D Harner, Heather L Leach, Lauren Briggs, and Michela Centinari. Prolonged phloem feeding
by the spotted lanternfly, an invasive planthopper, alters resource allocation and inhibits gas exchange
in grapevines. Plant Direct, 6(10):e452, 2022.

Anne Pringle, Sheila N Patek, Mark Fischer, Jessica Stolze, and Nicholas P Money. The captured
launch of a ballistospore. Mycologia, 97(4):866-871, July 2005.

Timothée Mouterde, Thanh-Vinh Nguyen, Hidetoshi Takahashi, Christophe Clanet, Isao Shimoyama,
and David Quéré. How merging droplets jump off a superhydrophobic surface: Measurements and
model. Physical Review Fluids, 2(11):112001, 2017.

Bernd Heinrich. Keeping a cool head: honeybee thermoregulation. Science, 205(4412):1269-1271, 1979.
BERND Heinrich. Heat exchange in relation to blood flow between thorax and abdomen in bumblebees.
Journal of Experimental Biology, 64(3):561-585, 1976.

Phillip A Adams and James Edward Heath. An evaporative cooling mechanism in pholus achemon
(sphingidae). J. Res. Lepid, 3:69-72, 1964.

Henry D Prange. Evaporative cooling in insects. Journal of Insect Physiology, 42(5):493-499, 1996.
Levi Yafetto, Loran Carroll, Yunluan Cui, Diana J Davis, Mark WF Fischer, Andrew C Henterly,
Jordan D Kessler, Hayley A Kilroy, Jacob B Shidler, Jessica L Stolze-Rybczynski, et al. The fastest
flights in nature: high-speed spore discharge mechanisms among fungi. PLoS One, 3(9):€3237, 2008.
Gareth H McKinley and Michael Renardy. Wolfgang von ohnesorge. Physics of Fluids, 23(12), 2011.
Timothée Briitsch, Geoffrey Jaffuel, Armelle Vallat, Ted CJ Turlings, and Michel Chapuisat. Wood
ants produce a potent antimicrobial agent by applying formic acid on tree-collected resin. Ecology and
Evolution, 7(7):2249-2254, 2017.

Elio Challita, Prateek Sehgal, and Saad Bhamla. The viscoelastic spit of termite soldiers. Bulletin of
the American Physical Society, 2022.

Bruce A Young, Karen Dunlap, Kristen Koenig, and Meredith Singer. The buccal buckle: the functional

Challita et al.



56.

57.

58.

59.
60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

morphology of venom spitting in cobras. Journal of Ezperimental Biology, 207(20):3483-3494, 2004.
George C McGavin, Leonidas-Romanos Davranoglou, and Richard Lewington. Essential entomology.
Oxford University Press, 2023.

Thomas Eisner, Maria Eisner, and Melody Siegler. Secret weapons: defenses of insects, spiders,
scorpions, and other many-legged creatures. Harvard University Press, 2005.

Thomas Eisner, Irmgard Kriston, and Daniel J Aneshansley. Defensive behavior of a termite (nasu-
titermes exitiosus). Behavioral Ecology and Sociobiology, 1:83-125, 1976.

Murry Blum. Chemical defenses of arthropods. Elsevier, 2012.

EJ Challita, P Sehgal, and SM Bhamla. How cicadas pee in powerful fluidic jets. In Integrative and
comparative biology, volume 62, pages S52-S52, 2023.

Aimée Sakes, Marleen van der Wiel, Paul WJ Henselmans, Johan L van Leeuwen, Dimitra Dodou, and
Paul Breedveld. Shooting mechanisms in nature: a systematic review. Plos one, 11(7):e0158277, 2016.
Jan Kohlmeyer and Brigitte Volkmann-Kohlmeyer. Fungi on juncus roemerianus. 6. glomerobolus gen.
nov., the first ballistic member of agonomycetales. Mycologia, 88(2):328-337, 1996.

Johan L Van Leeuwen. Launched at 36,000 g. Science, 329(5990):395-396, 2010.

Nicholas P Money and Mark WF Fischer. Biomechanics of spore release in phytopathogens. Plant
relationships: the mycota, 5:115-133, 2009.

Nicholas M. Smith, Hossein Ebrahimi, Ranajay Ghosh, and Andrew K. Dickerson. High-speed microjets
issue from bursting oil gland reservoirs of citrus fruit. Proceedings of the National Academy of Sciences,
115(26):E5887-E5895, 2018.

G Westhoff, K Tzschatzsch, and H Bleckmann. The spitting behavior of two species of spitting cobras.
Journal of Comparative Physiology A, 191:873-881, 2005.

Ruben Andres Berthé, Stéphanie De Pury, Horst Bleckmann, and Guido Westhoff. Spitting cobras
adjust their venom distribution to target distance. Journal of Comparative Physiology A, 195:753-757,
2009.

Michael Triep, David Hess, Humberto Chaves, Christoph Briicker, Alexander Balmert, Guido Westhoff,
and Horst Bleckmann. 3d flow in the venom channel of a spitting cobra: do the ridges in the fangs act
as fluid guide vanes? PLoS One, 8(5):¢61548, 2013.

Frank Hinman et al. Hydrodynamics of micturition. Thomas, New York, 1971.

Patricia J Yang, Tony G Chen, Sarah B Bracher, Aaron Hui, and David L Hu. Urinary flow through
urethras with a rough lumen. Neurourology and Urodynamics, 2023.

NARINDER DASS, GORDON MCMURRAY, JONATHAN E GREENLAND, and ALISON F BRAD-
ING. Morphological aspects of the female pig bladder neck and urethra: quantitative analysis using
computer assisted 3-dimensional reconstructions. The Journal of urology, 165(4):1294-1299, 2001.
Andrew PS Wheeler, Samir Morad, Noor Buchholz, and Martin M Knight. The shape of the urine
stream—from biophysics to diagnostics. 2012.

M Kjeld. Salt and water balance of modern baleen whales: rate of urine production and food intake.
Canadian Journal of Zoology, 81(4):606-616, 2003.

Chris Brodie. Watch and learn: benchwarming pays off for the archer fish. American Scientist,
94(3):218-219, 2006.

Bradley Duane Davis and LM Dill. Intraspecific kleptoparasitism and counter-tactics in the archerfish
(toxotes chatareus). Behaviour, 149(13-14):1367-1394, 2012.

Peggy Gerullis and Stefan Schuster. Archerfish actively control the hydrodynamics of their jets. Current
Biology, 24(18):2156-2160, 2014.

Alberto Vailati, Luca Zinnato, and Roberto Cerbino. How archer fish achieve a powerful impact:
hydrodynamic instability of a pulsed jet in toxotes jaculatrix. PLoS One, 7(10):e47867, 2012.

James Edward Heath. Venous shunts in the cephalic sinuses of horned lizards. Physiological Zoology,
39(1):30-35, 1966.

Wade C Sherbrooke and George A Middendorf III. Blood-squirting variability in horned lizards
(phrynosoma). Copeia, 2001(4):1114-1122, 2001.

George A Middendorf IIT and Wade C Sherbrooke. Canid elicitation of blood-squirting in a horned
lizard (phrynosoma cornutum). Copeia, pages 519-527, 1992.

Sanjay Singh. Guttation: mechanism, momentum and modulation. The Botanical Review, 82:149-182,
2016.

Sanjay Singh. Guttation: new insights into agricultural implications. Advances in agronomy, 128:97—
135, 2014.

Aude Cerutti, Alain Jauneau, Patrick Laufs, Nathalie Leonhardt, Martin H Schattat, Richard
Berthomé, Jean-Marc Routaboul, and Laurent D Noél. Mangroves in the leaves: anatomy, physiology,
and immunity of epithemal hydathodes. Annual Review of Phytopathology, 57:91-116, 2019.

www.annualreviews.org * Fluid ejections in nature 27



28

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

Shani Gelstein, Yaara Yeshurun, Liron Rozenkrantz, Sagit Shushan, Idan Frumin, Yehudah Roth, and
Noam Sobel. Human tears contain a chemosignal. Science, 331(6014):226-230, 2011.

Patrick A Riihs, Jotam Bergfreund, Pascal Bertsch, Stefan J Gstohl, and Peter Fischer. Complex fluids
in animal survival strategies. Soft Matter, 17(11):3022-3036, 2021.

Charles Vernon Boys. Soap bubbles and the forces which mould them. Number 3. Doubleday Anchor
Books, 1959.

Pradeep P Bhat, Santosh Appathurai, Michael T Harris, Matteo Pasquali, Gareth H McKinley, and
Osman A Basaran. Formation of beads-on-a-string structures during break-up of viscoelastic filaments.
Nature Physics, 6(8):625-631, 2010.

RJ Poole. The deborah and weissenberg numbers. Rheology Bulletin, 53:32-39, 2012.

JM Dealy. Weissenberg and deborah numbers—their definition and use. Rheol. Bull, 79(2):14-18, 2010.
Laurence Gaume and Yoel Forterre. A viscoelastic deadly fluid in carnivorous pitcher plants. PloS
one, 2(11):e1185, 2007.

Vincent Zintzen, Clive D Roberts, Marti J Anderson, Andrew L Stewart, Carl D Struthers, and Euan S
Harvey. Hagfish predatory behaviour and slime defence mechanism. Scientific Reports, 1(1):131, 2011.
Andrés Concha, Paula Mellado, Bernal Morera-Brenes, Cristiano Sampaio Costa, L Mahadevan, and
Julidn Monge-N4djera. Oscillation of the velvet worm slime jet by passive hydrodynamic instability.
Nature communications, 6(1):6292, 2015.

Cole Gilbert and Linda S Rayor. Predatory behavior of spitting spiders (araneae: Scytodidae) and the
evolution of prey wrapping. Journal of Arachnology, pages 231-241, 1985.

Bernal Morera-Brenes and Julidn Monge-Ndjera. A new giant species of placented worm and the
mechanism by which onychophorans weave their nets (onychophora: Peripatidae). Revista de Biologia
Tropical, 58(4):1127-1142, 2010.

Alexander Baer, Stephan Schmidt, Sebastian Haensch, Michaela Eder, Georg Mayer, and Matthew J
Harrington. Mechanoresponsive lipid-protein nanoglobules facilitate reversible fibre formation in velvet
worm slime. Nature communications, 8(1):974, 2017.

Robert B Suter and Gail E Stratton. Spitting performance parameters and their biomechanical impli-
cations in the spitting spider, scytodes thoracica. Journal of Insect Science, 9(1):62, 2009.

John WM Bush and David L Hu. Walking on water: biolocomotion at the interface. Annu. Rev. Fluid
Mech., 38:339-369, 2006.

Robert B Suter and Gail E Stratton. Scytodes vs. schizocosa predatory techniques and their morpho-
logical correlates. The Journal of Arachnology, 33(1):7-15, 2005.

Randy H Ewoldt, Christian Clasen, Anette E Hosoi, and Gareth H McKinley. Rheological fingerprinting
of gastropod pedal mucus and synthetic complex fluids for biomimicking adhesive locomotion. Soft
Matter, 3(5):634-643, 2007.

Mark Denny. The role of gastropod pedal mucus in locomotion. Nature, 285(5761), 1980.

GH Parker. The mechanism of locomotion in gastropods. Journal of Morphology, 22(1):155-170, 1911.
Janice H Lai, Juan C del Alamo, Javier Rodriguez-Rodriguez, and Juan C Lasheras. The mechanics of
the adhesive locomotion of terrestrial gastropods. Journal of Exzperimental Biology, 213(22):3920-3933,
2010.

Mary Campion. The structure and function of the cutaneous glands in helix aspersa. Journal of Cell
Science, 3(58):195-216, 1961.

Frederic H Martini. The ecology of hagfishes. The biology of hagfishes, pages 57-77, 1998.

Lukas Boni, Peter Fischer, Lukas Bocker, Simon Kuster, and Patrick A Riihs. Hagfish slime and mucin
flow properties and their implications for defense. Scientific reports, 6(1):30371, 2016.

Randy H Ewoldt, Timothy M Winegard, and Douglas S Fudge. Non-linear viscoelasticity of hagfish
slime. International Journal of Non-Linear Mechanics, 46(4):627-636, 2011.

Christopher William MacMinn. The design and construction of a novel pipe flow apparatus for ex-
ploring polymer drag reduction. PhD thesis, Massachusetts Institute of Technology, 2005.

Laurence Gaume and Yoel Forterre. A viscoelastic deadly fluid in carnivorous pitcher plants. PloS
one, 2(11):e1185, 2007.

Victor Kang, Hauke Isermann, Saksham Sharma, D Ian Wilson, and Walter Federle. How a sticky fluid
facilitates prey retention in a carnivorous pitcher plant (nepenthes rafflesiana). Acta Biomaterialia,
128:357-369, 2021.

Steven Vogel. Comparative biomechanics: Life’s physical world. Princeton University Press, 2014.
John M Gosline and M Edwin DeMont. Jet-propelled swimming in squids. Scientific American,
252(1):96-103, 1985.

W Johnson, PD Soden, and ER Trueman. A study in jet propulsion: an analysis of the motion of the
squid, loligo vulgaris. Journal of Experimental Biology, 56(1):155-165, 1972.

Challita et al.



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

Paul S Krueger and Morteza Gharib. The significance of vortex ring formation to the impulse and
thrust of a starting jet. Physics of fluids, 15(5):1271-1281, 2003.

Steven Vogel. Flow-assisted mantle cavity refilling in jetting squid. The Biological Bulletin, 172(1):61—
68, 1987.

Qiang Zhu and Qing Xiao. Physics and applications of squid-inspired jetting. Bioinspiration &
Biomimetics, 17(4):041001, 2022.

Diana Valiela Ward and Stephen A Wainwright. Locomotory aspects of squid mantle structure. Journal
of Zoology, 167(4):437-449, 1972.

Kelly R Sutherland and Laurence P Madin. Comparative jet wake structure and swimming performance
of salps. Journal of Experimental Biology, 213(17):2967-2975, 2010.

Chris Roh and Morteza Gharib. Asymmetry in the jet opening: underwater jet vectoring mechanism
by dragonfly larvae. Bioinspiration € Biomimetics, 13(4):046007, 2018.

PJ Mill and RS Pickard. Jet-propulsion in anisopteran dragonfly larvae. Journal of comparative
physiology, 97(4):329-338, 1975.

Karl Eduard Linsenmair and R Jander. Das ”entspannungsschwimmen” von Velia und Stenus. Natur-
wissenschaften, 50(231), 1963.

John WM Bush, David L Hu, and Manu Prakash. The integument of water-walking arthropods: form
and function. Advances in insect physiology, 34:117-192, 2007.

Hermann Schildknecht. Chemical ecology—a chapter of modern natural products chemistry. Ange-
wandte Chemie International Edition in English, 15(4):214-222, 1976.

Werner Nachtigall. Swimming in aquatic insects. Comprehensive insect physiology, biochemistry, and
pharmacology, 5:467-490, 1985.

BE Scharfman, AH Techet, JWM Bush, and L Bourouiba. Visualization of sneeze ejecta: steps of fluid
fragmentation leading to respiratory droplets. Ezperiments in Fluids, 57:1-9, 2016.

Lydia Bourouiba. The fluid dynamics of disease transmission. Annual Review of Fluid Mechanics,
53:473-508, 2021.

Mengtao Han, Ryozo Ooka, Hideki Kikumoto, Wonseok Oh, Yunchen Bu, and Shuyuan Hu. Experi-
mental measurements of airflow features and velocity distribution exhaled from sneeze and speech using
particle image velocimetry. Building and environment, 205:108293, 2021.

JK Nunes, SSH Tsai, J Wan, and Howard A Stone. Dripping and jetting in microfluidic multiphase
flows applied to particle and fibre synthesis. Journal of physics D: Applied physics, 46(11):114002,
2013.

Andreas Fahlman, Stephen H Loring, Gregg Levine, Julie Rocho-Levine, Trevor Austin, and Micah
Brodsky. Lung mechanics and pulmonary function testing in cetaceans. The Journal of Experimental
Biology, 218(13):2030-2038, 2015.

CJ Barton. Characterization of the Impulsive Jet Produced from a Dolphin’s Blowhole. PhD thesis,
Oklahoma State University, 2020.

Alvin Ngo, Mitchell Ford, Christopher Barton, Richard Gaeta, and Jamey Jacob. Flow visualization
of a dolphin blowhole. https://doi.org/10.1103/APS.DFD.2019.GFM.V0060, 2019. APS DFD 2019
Gallery of Fluid Motion.

Jenni A Stockan and Elva JH Robinson. Wood ant ecology and conservation. Cambridge University
Press, 2016.

Jeffrey Dean, Daniel J Aneshansley, Harold E Edgerton, and Thomas Eisner. Defensive spray of the
bombardier beetle: a biological pulse jet. Science, 248(4960):1219-1221, 1990.

Eric M Arndt, Wendy Moore, Wah-Keat Lee, and Christine Ortiz. Mechanistic origins of bombardier
beetle (brachinini) explosion-induced defensive spray pulsation. Science, 348(6234):563-567, 2015.
Thomas Eisner. Defensive spray of a phasmid insect. Science, 148(3672):966-968, 1965.

J Meinwald, MS Chadha, JJ Hurst, and I Eisner. Defense mechanisms of arthropods-ix anisomorphal
the secretion of a phasmid insect. Tetrahedron Letters, 3(1):29-33, 1962.

Thomas Eisner and Daniel J Aneshansley. Spray aiming in bombardier beetles: jet deflection by the
coanda effect. Science, 215(4528):83-85, 1982.

Russell T Woodburne and Jack Lapides. The ureteral lumen during peristalsis. American Journal of
Anatomy, 133(3):255-258, 1972.

Andrés Concha, Paula Mellado, Bernal Morera-Brenes, Cristiano Sampaio Costa, L Mahadevan, and
Julidn Monge-Najera. Oscillation of the velvet worm slime jet by passive hydrodynamic instability.
Nature communications, 6(1):6292, 2015.

Philippe Marmottant and Emmanuel Villermaux. On spray formation. Journal of fluid mechanics,
498:73-111, 2004.

Niels Asger Mortensen, Fridolin Okkels, and Henrik Bruus. Reexamination of hagen-poiseuille flow:

www.annualreviews.org » Fluid ejections in nature 29



30

141.

142.

143.

144.
145.

146.

147.

148.

149.

150.

Shape dependence of the hydraulic resistance in microchannels. Physical Review E, 71(5):057301, 2005.
H Henry Chen and Michael P Brenner. The optimal faucet. Physical review letters, 92(16):166106,
2004.

Liang Wang, Yao Hui, Chong Fu, Zhou Wang, Meng Zhang, and Tong Zhang. Recent advances
in gecko-inspired adhesive materials and application. Journal of Adhesion Science and Technology,
34(21):2275-2291, 2020.

Xi Zhang, Feng Shi, Jia Niu, Yugui Jiang, and Zhigiang Wang. Superhydrophobic surfaces: from
structural control to functional application. Journal of Materials Chemistry, 18(6):621-633, 2008.
Nicole W Xu. Squid-inspired robots perform swimmingly. Science Robotics, 6(50):eabf4301, 2021.
Stephen P Zadesky, Fletcher R Rothkopf, and Ashley E Fletcher. Liquid expulsion from an orifice,
September 20 2016. US Patent 9,451,354.

Pankaj Rohilla, Yatish S Rane, Idera Lawal, Andrew Le Blanc, Justin Davis, James B Thomas, Cormak
Weeks, Whitney Tran, Paul Fisher, Kate E Broderick, et al. Characterization of jets for impulsively-
started needle-free jet injectors: Influence of fluid properties. Journal of Drug Delivery Science and
Technology, 53:101167, 2019.

Thierry Bujard, Francesco Giorgio-Serchi, and Gabriel D Weymouth. A resonant squid-inspired robot
unlocks biological propulsive efficiency. Science Robotics, 6(50):eabd2971, 2021.

Caleb Christianson, Yi Cui, Michael Ishida, Xiaobo Bi, Qiang Zhu, Geno Pawlak, and Michael T Tolley.
Cephalopod-inspired robot capable of cyclic jet propulsion through shape change. Bioinspiration €
biomimetics, 16(1):016014, 2020.

GD Weymouth, Vignesh Subramaniam, and MS Triantafyllou. Ultra-fast escape maneuver of an
octopus-inspired robot. Bioinspiration € biomimetics, 10(1):016016, 2015.

A Booth, AC MclIntosh, N Beheshti, R Walker, LU Larsson, and A Copestake. Spray technologies
inspired by bombardier beetle. Encyclopaedia of Nanotechnology, pages 2495-2503, 2012.

Challita et al.



2403.02359v1 [g-bi0.QM] 4 Mar 2024

arxiv

Annual Review of Chemical and
Biomolecular Engineering 2023. AA:1-7

This article’s doi:
10.1146/((please add article doi))

Copyright (© 2023 by Annual Reviews.
All rights reserved

Supplementary
Information: Fluid
ejections in nature

Elio J. Challita,? Pankaj Rohilla,! and M.
Saad Bhamla®

1School of Chemical & Biomolecular Engineering, Georgia Institute of
Technology, 311 Ferst Drive NW, Atlanta, GA, 30332, USA; email:
saadb@chbe.gatech.edu

2George W. Woodruff School of Mechanical Engineering, Georgia Institute of
Technology, 801 Ferst Drive NW, Atlanta, GA, 30318, USA



L _I *p, | ! L:_I
et e

i

Figure S1
Leonardo Da Vinci’s drawings. (a) “What water will pour with the greatest violence, that from the nozzle a, b or ¢?”
- Leonardo Da Vinci (Reproduced from the Codex - National Library of Spain) (b) Sketch from Leonardo’s Codex on the

impact of jets (1, 2, 3)

Figure S2

Historical Fountains. (a) Attic Greek vases from South Italy: Polyxena filling a vessel from a fountain,
dated around 480 BC (Picture Source: Wikimedia, Location: The Louvre Museum, Room 652), (b)
Mannekin Pis, a bronze statue of a urinating naked young boy (Location: Brussels, Belgium).

S1. Historical use of fluid ejections: Water Fountains

Throughout history, water ejection systems, such as fountains, have been used as water source for
drinking, washing, and bathing in cities (4, 5, 6, 7, 8). Initially, these fountains relied on gravity to
create liquid jets through a narrow channel. As time passed, mechanical pumps replaced gravity as
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the driving force of fountains to generate powerful jets. Over time, fountains have become tourist
attractions; worldwide famous example of such fountains is Manneken Pis (Brussels, Belgium)
(9). Fountains have been a constant witness to the advancement of science, which has enabled
us to understand how to leverage the design and power to control the fluid dynamics for required
applications.

S2. Active and Passive Mechanisms in Fluidic Ejection: Dynamics, Control, and
Functionality

Fluid ejection systems in nature, can be broadly categorized into active and passive mechanisms,
each influencing the transient and steady-state dynamics of the fluids and setting the limits for the
exerted pressure forces.

Active systems depend on muscle-powered actions, often linked to factors such as skeletal muscle
force-distance relationships or the elasticity of the nozzle or pipe. Some active systems might even
utilize external forces to induce a pressure differential, as seen in the milking of a cow.

In contrast, passive systems leverage external or surface forces, gravity, or osmosis to drive fluid
flow, without the need for muscular action.

Control over the ejected fluid is another vital consideration. Organisms may need to manipulate
the shape, speed, and breakup of the ejected fluid to meet specific functional needs such as hunting,
defense, or predator avoidance. Accurate prey targeting demands high-speed fluid movement, while
rapid discharge of large volumes requires maximizing the flow rate. Conversely, slow and controlled
fluid release may facilitate thermoregulation through evaporative cooling. Additional complexities,
such as fouling or pheromone accumulation from localized fluid concentrations, further underscore
the intricate control required in fluid ejection.

S3. Jet stability

The stability of a liquid jet can be determined by different regimes within the plot of Ohnesorge
number and Reynolds number. As the surrounding gas’ inertial force reaches 10% of the surface
tension force, the jet becomes unstable. This is marked by the onset of the “Rayleigh break-up
regime” (Wer, > 8 or Wey < 1.2+ 3.410h°%) beyond which the “first wind-induced” regime exists
(Wer > 8or Wey < 1.2+3.410h%°) (Figure S3) (10). The other two regimes of jet breakup include
the second wind-induced regime (13 < Wey < 40.3), and the atomization regime (Wey, < 40.3). For
simplicity, the first wind-induced regime, the second wind-induced regime, and the atomized regime
are merged into a single “Other regimes of jetting” to show the existence of continuous jetting with
instabilities. The review pertains to demarcating the dripping vs. jetting in nature, and the figure
presented here (Figure S3) captures the essence of it.

As evident in this Figure S3 and Figure 3, ballistospores, sharpshooters, aphids, mosquitoes,
flies and rats eject fluid in the form of droplets. The plot also suggests that the jets of some
mammals (cats, humans, horses, cats and dogs), bees, butterfly, and cicada are unstable and break
up. However, fungal pores, elephants, cobras, archerfish, and cows exhibit continuous jetting. It
should be noted that the cobras and archerfish jets also break up, the deviation from the Rayleigh
breakup regime could be due to variations in velocity of the jet.

S4. Other fascinating examples of Fluid ejections

Some fascinating examples of fluid ejections that are not discussed in the review are presented in
Figure S4. Due to limitations in data collection, some of these systems have not been studied.
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Figure S3

Ohnesorge number (Oh) vs. Reynolds number (Re) for the fluid ejections in the organisms
considered in the Newtonian framework. The dripping regime is limited to We < 1 beyond which
jetting occurs. The jet breaks up in droplets in Rayleigh breakup regime (see Box 2), beyond which jet is
continuous, yet undergoes hydrodynamics instabilities. The last regime “Other regimes of jetting” includes
other jetting regimes including first wind-induced regime, second wind-induced regime and finally atomized
regime.
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Figure S4

Some other examples of fluid ejections in organisms. (a) Blue whale excretion in the ocean near
Perth, Australia (Credit: Ian Weise, Permission pending), (b) an octopus ejecting ink targeting a diver
near British Columbia, Canada (Credit: Jeff Rotman, Permission pending), and (¢) squirting cucumber
(Ecballium elaterium) exploding cucumber seeds (Credit: Adéval Egyiitt)
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Table 1

Table outlining the organisms, behavior, mechanism, dimensionless numbers, and sources.

Organism Fluid Mechanism Behavior Speed, . Orifice Bo We Reference
u (m/s) | diameter, d (m)
Itersonilia perplexans Water Droplet, Coalescence Spore Dispersion 1.2 8e-6 8.7e-6 0.16 (11)
Auricularia Water Droplet, Coalescence Spore Dispersion 0.8 2.25e-6 6.87e-7 0.02 (11)
Sporobolomyces Water Droplet, Coalescence Spore Dispersion 2.3 3e-6 1.12e-6 0.22 (11)
Ascobolus immersus Water Jet, Fracture-release Spore Dispersion 14 3e-5 1.22e-4 (12)
Podospora anserina Water Jet, Fracture-release Spore Dispersion 21 1.6e-5 3.47e-5 (12)
Pilobolus kleinii Water Jet, Fracture-release Spore Dispersion 9 7.7Te-5 8.04e-4 (12)
Basidiobolus ranarum Water Jet, Fracture-release Spore Dispersion 4 8.7e-6 1.03e-5 (12)
Glassy-winged sharpshooter Water Droplet, Catapulting Urination 0.4 5.2e-5 3.74e-4 (13)
Blue-green sharpshooter Water Droplet, Catapulting Urination 0.16 3.3e-5 1.5e-4 (13)
Red-blue sharpshooter Water Droplet, Catapulting Urination 0.06 4.2e-5 2.4e-4 (13)
Aphid Honeydew Droplet, Hydrophobic Waxing Urination 0.07 4e-5 3.12e-4 https://tinyurl.com/279n6bb6
Mosquito Blood Droplet, Evaportation/Squeeze | Thermoregulation 0.04 le-4 0.0014 https://tinyurl.com/37a6b88j
Fly1l Assumed water Droplet, Squeezing - 0.24 le-4 0.0014 https://tinyurl.com/mvjdxpuu
Fly2 Asummed water Droplet, Squeezing - 0.12 1.2e-4 0.002 https://tinyurl.com/54a69722
Cicada Water Jet Urination 0.9 3.64e-4 0.02 This work
Butterfly Assumed water Jet - 0.72 6.47e-4 0.06 https://tinyurl.com/4dw4fb8b
Bumblebee Assumed water Jet - 0.37 7.4e-4 0.07 https://tinyurl.com/y5hdmfb4
Bat Urine Droplet Urination 0.1 le-3 0.13 https://tinyurl.com/4re6vk99
Wister Rat Urine Droplet Urination 0.34 8e-4 0.09 (14)
Cat Female 1 Urine Jet Urination 0.5 0.0032 1.39 (14)
Cat Female 2 Urine Jet Urination 0.36 0.033 1.48 6 (14)
Dog Urine Jet Urination 0.7 0.006 4.88 40 (14)
Human (Man) Urine Jet Urination 0.7 0.007 7.23 50 (14)
Human (Woman) Urine Jet Urination 0.87 0.006 4.88 63 (14)
Human (Old man) Urine Jet Urination 0.6 0.006 4.88 30 (14)
Horse Urine Jet Urination 0.21 0.03 122 19 (14)
Mini Horse Urine Jet Urination 0.15 0.015 30 4.6 (14)
Cow 1 Urine Jet Urination 1.16 0.025 85 465 (14)
Cow 2 Urine Jet Urination 1.17 0.025 84 473 (14)
Elephant 1 Urine Jet, fluid sheet Urination 0.43 0.045 274 115 (14)
Elephant 2 Urine Jet, fluid sheet Urination 0.48 0.05 374 167 (14)
Elephant 3 Urine Jet, fluid sheet Urination 0.52 0.035 166 130 (14)
Asian Elephant Urine Jet, fluid sheet Urination 0.44 0.048 312 128 (14)
Spitting Cobra Venom Jet Spitting. defense 5 52.84e-4 0.01 97 (15)
Archerfish Water Jet Spitting, predation 2 0.005 3.4 280 (16)
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