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Despite having a trunk that weighs over 100 kg, elephants mainly feed on
lightweight vegetation. How do elephants manipulate such small items?
In this experimental and theoretical investigation, we filmed elephants at
Zoo Atlanta showing that they can use suction to grab food, performing a
behaviour that was previously thought to be restricted to fishes. We use
a mathematical model to show that an elephant’s nostril size and lung
capacity enables them to grab items using comparable pressures as the
human lung. Ultrasonographic imaging of the elephant sucking viscous
fluids show that the elephant’s nostrils dilate up to 30% in radius, which
increases the nasal volume by 64%. Based on the pressures applied, we esti-
mate that the elephants can inhale at speeds of over 150 m s−1, nearly
30 times the speed of a human sneeze. These high air speeds enable the ele-
phant to vacuum up piles of rutabaga cubes as well as fragile tortilla chips.
We hope these findings inspire further work in suction-based manipulation
in both animals and robots.
1. Introduction
A single African elephant (Loxodonta africana) consumes over 200 kg of vegetation
daily, spending nearly 18 h d−1 foraging for grass, leaves, fruits and tree bark [1,2]
(figure 1a). To grab this variety of items, the elephant relies on its long flexible
prehensile trunk [3,4], whose mechanics are still being understood. Elephants
are the only extant large terrestrial animal to evolve a long boneless appendage
like the trunk [5]. In this study, we investigate how elephants use airflow to pick
up items. We characterize the fluid mechanics of elephant suction (duration,
speed, pressure) and the numbers and kinds of items that can be grabbed.
These variables are measured experimentally by varying the food items and
the fluid media. To pump more water, we hypothesize that elephants can
increase the storage capacity in their nostril cavities through muscular contrac-
tion. Using a mathematical model, we predict the maximum distance that food
can be lifted by suction.

Elephants use both air and water as tools to manipulate their environment.
In 1871, Darwin reported that elephants blow air to push objects that are just
beyond reach [6]. Elephants can modulate the duration of blowing according
to the object’s distance and can even reflect an air jet off a wall to draw objects
closer to themselves [7]. The trunk’s flexibility allows it to access water in deep
fissures [8] and then spray water over its entire body [9]. Elephants can also use
their trunk as a snorkel when traversing deep water [10,11].

Animals that manipulate objects using fluid flow are typically found in
water rather than land. The archerfish spits a jet through the water surface to
strike airborne insects with great accuracy [12]. It does so by modulating its
mouth opening size as it shoots the jet, which increases the force imparted
on its target [13]. Squid and octopus use underwater jets to push their bodies
at high speed [14–16]. Many fish perform suction feeding, a highly coordinated
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Figure 1. An elephant uses suction to pick up lightweight objects. (a) The trunk of an African elephant, showing its two prehensile ‘fingers’ at the tip of the trunk.
Scale bar, 5 cm. (b) A regime diagram for suction across number and size of food items. The red symbols indicate the use of suction and black symbols indicate the
absence of suction. The cube-shaped objects are rutabaga cubes and the circular object is a tortilla chip. (c) Elephant picking up ten 16 mm rutabaga cubes using
suction. (d ) Elephant using suction to levitate a tortilla chip into its grip. (e) Elephant pressing its trunk against a tortilla chip and applying suction to pick it up.
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behaviour requiring specialized body parts to quickly gener-
ate pressures that draw nearby prey into their mouths [17–19].
Suction feeding is fast and does not require the same precision
as physical manipulation of a food item. However, the special-
ized morphology for suction feeding such as a highly mobile
skull makes suction feeding likely restricted to aquatic organ-
isms. Pigs and tapirs use their prehensile snouts for digging
and grasping, but it is not known if these activities are
enhanced with airflow [20]. In this study, we show that ele-
phants perform their own version of suction feeding without
the morphology of fish.

Elephant trunks and octopus arms are appendages consist-
ing of a sheath of skin surrounding muscle fibres. These
structures are called muscular hydrostats because their shape
is dictated between the opposing forces of the muscle and
skin. The dexterity of muscular hydrostats has inspired a
number of continuum robots since the 1990s [21–25]. Even
the elephant trunk’s transport of water and air has inspired
similar functions in robots. One robot can perform autonomous
refuelling of ships in various ocean conditions [24]. A search-
and-rescue robot can transport air or water to victims trapped
beneath debris [26]. While many of these devices were inspired
by the elephant trunk, further knowledge of the elephant’s
behaviours may give even more ideas for soft robot design [27].

Beyond elephants, other animals with adhesive capabili-
ties have also inspired robotics. For example, the clingfish
uses a modified pelvic disc [28] to stick to slippery rocks
underwater using both suction and friction forces. Based on
this design, roboticists designed a bioinspired suction cup
that can cling to a variety of rough surfaces of varying curva-
ture [29]. Positive and negative pressures have been used in a
variety of tasks in industry. When vacuum pressure is
coupled with an elastic bag filled with coffee grains, the
resulting universal gripper can contort to the shape of a var-
iety of objects [27]. In vehicle manufacturing, vacuum
grippers pick up a variety of parts without leaving marks
or damage caused by adhesives or other types of manipu-
lation [30]. In other industries, air jets are used to float to
levitate, rotate or transport objects [31,32]. Most of these
manipulators work on smooth objects like sheets of glass
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where a uniform contact is possible. In comparison, the ele-
phant trunk is quite versatile in grabbing a variety of items,
as we shall see in our experiments.

In this study, we investigate suction feeding by elephants.
We begin in §2 by detailing the experimental methods for
observing the elephants grabbing various sized food items.
We proceed in §3 with our mathematical model relating the
pressure applied by the lungs to the size and weight of the
food item that can be retrieved with suction. In §4, we
report our results, giving the regime diagram for suction
and measurement of pressure generated. In §5, we discuss
the implications of our results and predict the range of ani-
mals that may also be capable of suction feeding.
Concluding remarks are given in §6.
 R.Soc.Interface

18:20210215
2. Material and methods
2.1. Video of elephant grabbing food items
We performed all experiments at Zoo Atlanta with a 34-year old
female African elephant weighing 3360 kg (figure 1a,b). All
experiments were conducted in the elephant facility at Zoo
Atlanta and supervised by the staff at Zoo Atlanta. The exper-
iments occurred over six sessions of 2-h duration at Zoo
Atlanta in the summer of 2018.

We performed 42 experiments with different sized rutabaga
cubes, cut into side lengths L of 64, 32 and 16mm. A force
plate (Accugait, AMTI, USA) with 1300 N force capacity was
used to measure the contact force of the elephant trunk during
food intake. The force plate set-up was placed 46 cm from the ele-
phant enclosure allowing the elephant to easily reach the plate
(figure 1c–e). The cubes were placed evenly on the force platform
and in numbers so that each experiment presents the same total
mass of food of 200 g. No obstacles were present between the
force plate and the elephant enclosure. The set-up is similar to
that used in our previous work [4].

Two video cameras (Sony HDRXR200, Japan) were placed in
the bird’s-eye and side view of the force plate. An indicator light
(Massimo Retro LED, USA) with remote control was used to
show when the cameras started recording the experiment. A
high-speed camera (Phantom M1 10, USA) captured the grab-
bing of the tortilla chip from the side view.

To perform experiments, the force plate, indicator light and
cameraswere first installed. The forceplatewas zeroedand the indi-
cator light was turned on. We placed two types of food, namely,
rutabaga and tortilla chips (Charras Corn Tostada, USA) on the
centre of the force plate. The zoo staff verbally instructed the
elephant to reach for the food. The three cameras started to
record the scene and the indicator light was turned off to synchro-
nize the three cameras. Real-time contact force data were captured
at the same time.

2.2. Trunk nasal passage measurements
Icahn School of Medicine at Mount Sinai (ISMMS) in New York
provided access to a frozen trunk from a 38 year old female Afri-
can elephant (Specimen ID USNM 590941) that was originally
donated from the National Museum of Natural History, Smithso-
nian Institution. This female elephant was approximately 4000 kg
before death, and was euthanized due to medical issues. In this
paper, we will refer to this elephant as ‘the Smithsonian ele-
phant’. The left nostril is more deformed in the cross sections
therefore only the right nostril was used for measurements.
The distal tip nostril radius of the Smithsonian elephant was
1.1 cm, which closely matches that of the Atlanta Zoo elephant
(1.0 cm). Given the similarity in masses of the two Atlanta and
Smithsonian elephants (3360 and 4000 kg), and their trunk nasal
diameters, we will assume that the Smithsonian trunk can be
used to approximate dimensions of the Zoo Atlanta elephant.
2.3. Water siphoning measurement and
ultrasonographic measurement of trunk wall

A tall aquarium (29.9 × 29.9 × 48 cm) fitted with a ruler was
filmed from the front and side using a video camera (Sony
Handycam, Japan) at a frame rate of 30 fps. A bag of chia
seeds (50 g) was mixed into the water the night before, and the
mixture was dropped in the aquarium and then blended
evenly with a stirrer before experiments commenced (figure 2a,
b). Zoo staff led the elephant to the tank by guiding its trunk.
For ultrasonographic measurements, the tank was prepared to
hold either water (19 l) or water with 500 g of bran.

The trunk wall dimensions were measured at rest and during
nasal wall expansion while suctioning liquids of varying density.
We used the ultrasound system (MicroMaxx, Sonosite, USA) to
measure the thickness of muscle layers surrounding the nasal
cavity at two positions, 83.8 and 81.3 cm distal to the margin of
the trunk sulcus on the right and left side of the trunk, respect-
ively (figure 3a,b). Ultrasound gel (Scan Ultrasound Gel, Parker,
USA) was applied to the skin before measurement.
2.4. Phylogenetic analysis of nostril radius
To compare suction ability among mammals, we will report the
relationship between nostril radii and body mass for nine mam-
mals as well as a power law best fit that describes the trend. We
hypothesize that the trend is due to phylogenetic dependence
between the nine species studied. To determine the extent that
our trends are influenced by phylogenetic closeness, we per-
formed a phylogenetic independence contrasts (PIC) analysis, a
statistical method controlling for the effects of phylogeny [33].
We began by generating a consensus phylogeny using pruned
subsets from VertLife including all nine species [34] (electronic
supplementary material, figure S1a). Using the pic function and
the package ape in R studio, we found that the nostril radius
PIC and body mass PIC are not related, and thus phylogenetic
dependence of our sample was insignificant (p = 0.12; electronic
supplementary material, figure S1b). However, we note that our
small sample size of n = 9 may call into question these results,
and in the future more animals would need to be measured.
3. Mathematical modelling
We begin by considering the trunk nasal passageways to be
that of two conical frustrums, or truncated cones, with total
volume V:

V(z) ¼ 2pz
3

[(r(z))2 þ r(z)r(0)þ r(0)2)], (3:1)

where r(0) and r(z) denote the inner radius of trunk at the tip
and base, respectively. Of particular interest is the nostril
radius at the tip, which we denote by a = r(0) = 1.1 cm. Our
experiments with the Smithsonian trunk justifies the linear
trend for nasal cavity radius.

We next calculate the maximum pressure generated
by the elephant’s lungs using water intake experiments.
The maximum pressure applied is due to simultaneous hold-
ing of water of height H in the trunk and suction at speed uw.
This gives rise to a hydrostatic pressure of ρwgH and dynamic
pressure of 1/2 rwu

2
w which can be calculated as

Plungs ¼ �rwgH � 1=2rwu
2
w ¼ �20 kPa (3:2)
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to hold the water. Scale bar, 3 cm. (c) Time course of the water flow rate Q. Closed points indicating mean values, and shaded regions show standard deviation.
(d ) Schematic of a elephant trunk applying suction to a flat object of mass mt. The red arrows denoted the direction of flow. Nostrils of radius a generate a pressure
of P0, which generates a flow u0 in the nasal cavity, and a flow u outside the trunk which rapidly decays with distance L.
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where ρw is the density of water, g is the acceleration of grav-
ity. The water speed uw was calculated from the measured
flow rate Qw = 2πa2uw = 3.7 ± 0.3 l s−1 where a is the nostril
radius. The height H = 190 cm was extrapolated from the
volume V inhaled and the equation (3.1). Based on these
measurements, we infer the elephant generates a lung
pressure of −20 kPa, which we use below to calculate the
maximum distance that a chip can be successfully inhaled.

Consider a tortilla chip at a vertical distance L from the
trunk tip as shown in figure 2d. It will rise if the suction
force on it, P(L)A exceeds the chip’s weight mg:

� P(L)A ¼ mg, (3:3)

where P(L) is the pressure which decays with distance L, A is
the area of one face of the chip and g is the acceleration of
gravity. Using conservation of mass, the flow rate at the tip
of the trunk, Q0, may be written as the product of the area
of the two nostrils 2πa2 and the air velocity u0:

Q0 ¼ 2pa2u0: (3:4)

We apply Bernoulli’s equation along three positions along
a streamline, the trunk tip, a position L from the tip, and a
position at infinite distance to the trunk tip, arriving at

1
2
rau

2
0 þ P0 ¼ 1

2
rau

2(L)þ P(L) ¼ 1
2
rau

2
1 þ P1 ¼ 0, (3:5)

where ρa is the density of air. Equality with zero is given by
the condition at infinity, where air speed u∞ and pressure P∞

are both zero. We assume that the air experiences no dissipa-
tion as it travels down the trunk, and thus that the pressure at
the tip is equal to the lung pressure: P0 = Plungs. Applying
equation (3.5) leads to u0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2Plungs=rair
p ¼ 150ms�1,

where Plungs is found from our water suction experiments.
Once outside the trunk walls, airspeed decays rapidly

with distance due to conservation of mass, which states
that flow rate at the tip is equal to flow rate at a distance L:
Q0 =Q(L). Using the flow rate Q(L) at the surface of a
sphere of radius L, we write

2pu0a2 ¼ 4pu(L)L2, (3:6)

where 2πu0a
2 is the flow rate into the two nostrils. Equation

(3.6) may be simplified to: u(L) = (1/2)u0 (a
2/L2). Using

equation (3.5), the pressure on the surface of the tortilla
chip can be expressed as P(L) ¼ �(1=8)rau

2
0(a

4=L4). Using
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(1=2)rau
2
0 þ P0 ¼ 0 from equation (3.5), we rewrite

P(L) ¼ 1
4
P0

a4

L4
: (3:7)

The distance L is non-dimensionalized by the nostril radius a.
Note that this equation for pressure makes sense: the pressure
decreases rapidly with distance L from the nostrils. If the dis-
tance is doubled, the pressure goes down by a factor of 32.
This expression for pressure may be substituted into equation
(3.3), giving us a relationship for the critical height Lc for suc-
tion as a function of the lung pressure and nostril radius a:

Lc ¼ � a4APlungs

2mg

� �1=4

¼ Ca, (3:8)

where C is a constant and a is the nostril radius.
4. Results
4.1. Suction feeding observations
We fed an elephant rutabaga cubes in varying sizes and quan-
tities in 14 separate experiments. Grabbing behaviour changed
with the size and the number of food items offered to the ele-
phant (figure 1b). When given fewer than 10 small cubes (of
size smaller than 40mm), the elephant used the prehensile
tip of the trunk, as shown by the black symbols in the regime
diagram without utilizing suction. As the size of the cubes
increased in length the elephant continued to use prehensile
grabbing. However, if there were more than 10 small items,
the elephant employed suction to pick them, as shown by
the red symbols. A loud vacuuming sound accompanied the
suction as food is quickly drawn onto the tip of the trunk
(figure 1c; electronic supplementary material, video S1). In
all experiments, the elephant swept its trunk across the force
platform to manually contact the food items. When given
piles of bran fibre of grain size 1mm, the elephant did not
use suction, presumably to avoid getting the grains lodged
in its trunk. Instead, the trunk tip squeezed the bran together
to pick them up, as we previously reported [4].

To more clearly see the suction feeding event, we gave the
elephant a tortilla chip, representing a flat object in nature such
as a broad leaf. The chip is only 500 μm thick, making it chal-
lenging to pick up when it sits on a flat surface like the force
plate. The force required to break the chip is 11+ 2 N,
which is less than 1% of the trunk weight. After making first
contact, the process of picking up the chip took 3.0 ± 0.2 s.
As shown in figure 1d,e and electronic supplementary
material, video S2, the process involved three phases, includ-
ing the approach, search and lift. The elephant did not touch
the chip directly at first but began by touching the outer
edge of the force plate and applying a force of 4 ± 1 N. In
the search phase, it approached the chip, pressing with a
force of 5N, which is nearly 50% of the force required to
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break the chip. During the lifting phase, the elephant pro-
ceeded with two different behaviours. During the first
behaviour, the elephant applied suction at a fixed distance
from the chip (figure 1d). During the second behaviour, the ele-
phant applied suction while pressing the trunk directly onto
the chip (figure 1e). Even after repeated attempts, the
elephant could usually pick it up without breaking it.
ing.org/journal/rsif
J.R.Soc.Interface

18:20210215
4.2. Measurement of pressure and nasal cavity volume
To measure the suction pressure generated, we performed three
observations of the elephant sucking water with its trunk. Pre-
soaked chia seeds were used to visualize flow patterns gener-
ated by the elephant. The flow profile appears parabolic, as
shown by the longer distance travelled by the chia seeds at
the centre of the nostrils (figure 2a). Figure 2c shows the time
course of the fluid flow into the trunk, as measured by the
loss of fluid in the tank. During three trials, the elephant
sucked water for 1.5 ± 0.1 s giving an overall flow rate of
Qw= 3.7 ± 0.3 l s−1, the equivalent of 20 toilets flushing simul-
taneously. The total liquid volume stored in the trunk was
5.5 ± 0.41 l. The elephant took a half-second break after inhaling
3 l of liquid, during which the flow rate was just 1 ± 1.2 l s−1.
Afterward the flow rate increased back up to 4.5 ± 2.1 l s−1 in
the last half-second of the suction cycle. This break occurred
for all three experiments and we speculate that it is to prevent
water penetrating the posterior sphincter in the trunk.

We estimated the nasal cavity volume in the 1.9m long
trunk using data from cross sectional measurements of the
trunk. The Smithsonian trunk nasal cavity has 1 cm radii at
the distal end and 3 cm at the proximal end. Using a linear
fit, we find the nostril inner radius

r(z) ¼ 1:1þ 0:02z, (4:1)

where all units are in centimetres, and z is the distance from
the distal tip. Using equation (3.1), we determine that the
total trunk capacity is 5.2 l, which appears close to the inhaled
water volume of 5.5 l. We hypothesize that elephants increase
their trunk volume further throughmuscular action. Cross-sec-
tional trunk dissections by Kier [35] show muscles radiating
from the nostrils, suggesting a role in volume dilation.

We proceeded by performing ultrasonographic measure-
ments to determine how much the trunk volume can change
due to muscle contraction. Ultrasonographic trunk wall
measurements were taken during three behaviours: natural
breathing in air, inhaling water and inhaling water blended
with bran. We repeated each measurement six times. The
two ultrasonographic images shown in figure 3c,d indicate
that the radial muscles contracted when the elephant sucked
bran water (electronic supplementary material, video S4).

We assume the original trunk radius R and nostril radius
r to be 7.5 and 1.5 cm, respectively, as estimated from the
trunk position and the dimensions of the dissected elephant
trunk. Thus, the control wall thickness is R− r = 6 cm.
During the suction of water, the trunk wall thickness R− r
was 5.7 cm, where R and r are the outer and inner radius,
respectively. For the suction of bran water, the nostrils
dilated, and the wall thickness decreased to 5.6 cm. Note
that any fluid inhaled or dead-space within the trunk
shows up black on the ultrasound, and tissue appears grey.
Although we cannot measure all dimensions of nostrils, we
will assume uniform dilation and report the new radius of
the nasal passage as r + Δr, where Δr is the change in thick-
ness of the nasal wall (R–r) from its original value of 6 cm.

The nasal radius for sucking air, water and bran water
cases are r = 1.5 ± 0.2 cm, 1.8 ± 0.2 cm and 1.9 ± 0.2 cm, respect-
ively, as shown in figure 3e and electronic supplementary
material, table S3. Compared to their average baseline radius
of the Smithsonian elephant trunk, air suction did not lead
to any significant changes in diameter. However, sucking
water and bran solution led to nostrils increasing in radius
by 18% and 28%, respectively, compared to the museum speci-
men radius. If we assume that all radii along the nasal
passages increase the same proportions given above, we may
use equation (3.1) to show that trunk capacity increases 40%,
and 64% for water and bran solution, respectively. We note
that the elephant stopped consuming water after 5.5 l volunta-
rily, indicating that it wants to keep the volume of water no
more than 110% of the original trunk nasal passage volume.

4.3. Limits of suction feeding
Now that we have measured the suction pressure and geome-
try of the trunk, we can apply our mathematical model to
predict the effective distance for suction feeding. For our
remaining calculations, we use average nasal radius of
a = 2.1 cm, the average radius along the distal 90 cm of the
trunk. We proceed by estimating the maximum pressure
applied in the water experiments and in turn, the maximum
distance Lc from the chip that the elephant can lift with suction
(figure 2d).

In our water suction experiments, the average speed of
water uw in the trunk is the flow rate divided by the cross-sec-
tional area of the two nostrils uw =Qw/(2πa

2)∼ 2.7 m s−1, in
which a = 2.1 cm is the nostril radius. The maximum pressure
is applied at the end of the suction cycle, in which the water is
at its highest speed and height in the trunk. By calculating the
Reynolds number of the flow inside the elephant trunk nostril,
we can estimate if the fluid is experiencing turbulence. The
Reynolds number of transporting water through a pipe is
Rew = 2ρwuwr/μw = 8.1 × 104, and the Reynolds number for air
is Rea = 4.2 × 106. These Reynolds numbers exceed 4000,
which indicates that using Bernoulli’s Law is a good approxi-
mation. By applying Bernoulli’s Law as in the math methods
section, we find that the pressure applied is −20 kPa. If a simi-
lar pressure is applied during chip suction, we calculate using
equation (3.5) that the air velocity would be 150 m s−1.

Equation (3.8) shows that the distance Lc that an elephant
can suck an object scales linearly with the nostril size (Lc∼ a).
An object with a lighter mass or greater surface area can be
even further from the nose and still be sucked in successfully.
Using our measurements of tortilla chip surface A = 113 cm2,
tortilla massm = 10 g, the acceleration of gravity g = 9.81 m s−2,
and our measured lung pressure Plungs =−20 kPa, we predict
a critical height of 4.6 cm, whose range encompasses the
experimental value of 4 ± 0.5 cm (n = 5).
5. Discussion
A critical factor for elephants to suction feed is their lung
pressure. Elephants can generate such high lung pressures
because of their specialized respiratory system [36]. A disten-
sible network of collagen fibres fills the pleural space, loosely
connecting the lungs to the chest wall but appears not to con-
strain lung–chest wall movements [36–38]. This anatomical



1 102 104

body mass (kg)

10–3

10–2

10–1

1

10

 th
eo

re
tic

al
 c

ri
tic

al
 h

ei
gh

t (
cm

)

1 102 104

body mass (kg)

10–1

1

10

102

 n
os

tr
il 

ra
di

us
 (

m
m

)

(a)

(b)

Figure 4. Predicted suction feeding across terrestrial animals. (a) Relationship
between nostril radius and body mass, with power law fit shown by the red
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structure contributes to such a high air velocity that makes
the suction-aided manipulation possible. It has been shown
that the endothoracic fascia in elephants is eight times as
thick as that of humans, rabbits, rats and mice which could
allow for the added pressure in their lungs [39]. This anatom-
ical differences are possible reasons elephants could generate
such high air velocities of 150 m s−1, which is 30 times the
spray speed of a human cough or sneeze (4.5 m s−1) [37,40],
and comparable to the speed of a high-speed rail train
(150 m s−1, AGV, France) [38].

Can other animals also lift food items by suction? Using
previous measurements of nine mammals [41–48], the
relationship between body mass M and nostril radius a is
shown by figure 4a, with the power law best fit

a ¼ 1:85M0:29 (R2 ¼ 0:88), (5:1)

where a is in mm and M is in kg. The exponent is positive
indicating that nostril radius increases with body size. Since
closely related species tends might have similar nostril
radii, we performed statistical analysis to determine if the
trend is due to phylogenetic closeness (see Material and
methods). We find a p-value of 0.12, indicating that data
dependence caused by phylogeny is likely insignificant, but
we also note that our sample size of nine may be too small
to draw conclusions.

Elephants have the widest nostrils of any mammal we
examined, with a nostril radius ranging from 10mm at
the tip to 30mm at a distance of 90 cm from the distal tip.
An elephant has a nasal radius that 100 times that a of a
mouse (0.21mm nasal radius) [49], and two times that of
a human at the distal tip (nasal radius of 5mm) [50].
Using the approximation [51] that lung pressure applied by
animals is constant at −10 kPa, we apply equation (3.8) to
estimate the maximum distance for animals to pick up
the same tortilla chip in our experiments. Figure 4b and
the electronic supplementary material, table S1 shows the
critical height across body mass. After the elephant, the
second most massive animal is the cow, which has a critical
height of 1 cm, indicating they must nearly press their nose
to the chip to lift it. Pigs and tapirs would need to be
within 0.65 cm of tortilla chips to lift objects. This indicates
pigs and tapirs likely only use suction for very small objects
if at all.

Could a human pick up items by suction? Yes, but only
items as light as a small piece of paper. According to allo-
metric estimates, lung vital capacity increases at a rate of
6.3 ml kg−1 of body weight [52]. Therefore an elephant's
lungs are many times that of human lungs in vital capacity.
While humans can generate the same lung pressure as ele-
phants, applying equation (3.8) we find that a human’s
lung volume and nostril diameter are large enough to only
lift a small piece of paper. A human’s nose would have to
get within 0.4 mm of the tortilla chip to lift the chip with suc-
tion. Moreover, any fluid leaks between the chip and nose
would make lifting infeasible.

When elephants pick up an item, they can simultaneously
touch and smell it, a feat that we cannot perform with the
human hand. An elephant has a strong sense of smell, and
can detect the smell of TNT with higher accuracy than most
bomb detection dogs [53]. The elephant ability to reach for
objects may be impaired if the elephant holds a stick with
its trunk, which impairs its ability to use olfaction [54].
Future workers may find that elephants use olfaction to
generate a three-dimensional picture of the world.
6. Conclusion
In this study, we investigated suction feeding by elephants. We
showed that elephants employ this behaviour for large numbers
of small items as well as for single flat items like tortilla chips.
Using liquid suction experiments, we measured the pressure
that elephants generated and showed that elephants can
expand the volume of their trunk by up to 64% to carry more
water. Previously suction feeders were thought to be mainly
underwater, and this work shows that this behaviour has a
broader generality. In robotics, suction has long been used to
grab objects. The behaviours shown here may give further
inspiration on the usage and design of such devices.
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