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Abstract

Some seabirds (such as northern gannets and brown boobies) can dive from heights as high as 30
m reaching speeds of up to 24 m s ! as they impact the water surface. The physical geometry of
plunge diving birds, particularly of the beak, allows them to limit high impact forces compared to
non-diving birds. Numerically simulated data for one species (northern gannet) provides some
insight into the impact forces experienced during diving, however, no reliable experimental data
with real bird geometries exist for comparison purposes. This study utilizes eleven 3D printed diving
bird models of three types of birds: plunge-diving (five), surface-diving (five) and dipper (one),
with embedded accelerometers to measure water-entry impact accelerations for impact velocities
ranging between 4.4-23.2 m s~ . Impact forces for all bird types are found to be comparable under
similar impact conditions and well within the safe zone characterized by neck strength as found in
recent studies. However, the time that each bird requires to reach maximum impact acceleration
from impact is different based on its beak and head shape and so is its effect, represented here by its

derivative (i.e.jerk). We show that surface diving birds have high non-dimensional jerk, which exceed

a safe limit estimated from human impact analysis, whereas those by plunge divers do not.

1. Introduction

The beaks of diving birds are adapted to forage in the
aquatic environment. Many of these birds feed mostly
on fish, catching their prey mainly in two different
ways: surface diving and plunge diving. Birds like the
common loon and the double-crested cormorant rest
on the surface of the water and then dive when they
target their prey, and are hence called surface divers.
Surface divers also include the common eider, which
dive to feed on benthic invertebrates, predominately
sessile blue mussels (Guillemette et al 1992). On
the other hand, specialized plunge divers such as the
northern gannet and the brown booby dive from
heights as high as 30 m reaching speeds of 24 m s™!
as they impact the water (Ropert-Coudert et al 2004)
while folding their wings to minimize the impact force
and conserve momentum (Lee and Reddish 1981,
Brierley and Fernandes 2001). Plunge diving birds are
abletodive 1.2 to 12.6 min depth and a further 22 m by
active flapping (Adamsand Walter 1993,Le Corre 1997,
Garthe et al 2000, Brierley and Fernandes 2001). These

birds follow two types of dive patterns: V-shaped and
U-shaped. It has been found that whenever these birds
want to go deeper, they perform U-shaped dives from
higher heights, which are usually vertical-entry dives
(Machovsky-Capuska et al 2011a). Although plunge
diving is a highly successful technique for catching
food, it does not always end with a hearty meal. Diving
at these high speeds can sometimes be fatal as the birds
can collide with one another (Machovsky-Capuska
etal2011b).

Some birds, like the herring gull, feed by dipping
(Castro and Huber 2008), hence classified as dippers,
and forage by scavenging or picking fish from the sur-
face.Inaddition, Herring gulls are occasionally observed
to make shallow plunge dives (Verbeek 1977, Sibly and
McCleery 1983) but are not classified as plunging spe-
cialists. We include this species of birds as a representa-
tive between plunging and surface diving birds.

The negative accelerations associated with impact
reported in limited studies on plunge diving birds
appear contradictory. Numerical simulations per-
formed by Wang et al (2013) found very large decel-
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eration values at impact (23 times gravitational accel-
eration, g, for an impact velocity of 24 ms~!) resulting
in considerable water entry forces on the gannet body.
On the other hand, experiments by Ropert-Coudert
et al (2004) found zero to very small decelerations
during the impact stage of water entry. They attached
data loggers to the back of the neck and tail of north-
ern gannets but the sampling frequency (32 Hz) may
have been too low to detect the short duration impact
event. Thus, higher sampling frequency experiments
are required to accurately record the impact dynamics.

The neck is potentially the most vulnerable part of
the bird especially when diving. Recent studies (Chang
et al 2016) have revealed brown boobies and northern
gannets may be well within the safe limits of neck fail-
ure during diving. Chang et al attached an elastic beam
toaconerepresenting the bird neck and skull. The stiff-
ness of the elastic beam was measured and compared
to the neck stiffness of a dead bird. The cone-beam
system was dropped into water and the bending forces
were measured for impact velocities ranging from 0.5
to 2.5 m s~ (max impact speeds of Brown boobies
and northern gannets is approximately 24 m s™1). An
unstable and a stable region were identified and theor-
etical analogs from the empirical data indicated that
these birds dive well within their safe neck bending
limits. Unfortunately, there is a general lack of data for
neck strength and head adaptations that correlate with
plunge diving in the literature. Herein, we attempt to
show how the beak shape can affect the deceleration of
plunge divers up to speeds they experience in nature.

Among other factors that affect water-entry impact
accelerations, the wing sweptback angle and water-
entry inclination angle with relation to dropping
heights have been studied by Liang et al for a fabricated
bionic Gannet (Liang et al 2013). They found that the
peak impact acceleration increases with increasing
dropping height and water-entry angle, whereas the
peak impact acceleration decreases with increasing
wing sweptback angle. The differences between the
peak impact accelerations obtained by them and by
us for similar impact conditions are likely due to the
differences in projectile masses between the two meth-
ods. In recent years, there has been a huge interest in
the fabrication of unmanned vehicles that are capable
of functioning both in air and under water. Yang et al
(2015) classified the current partially-featured Aqu-
aUAV (Unmanned Air Vehicle) into three categories
from the scope of the whole UAV field, namely, the sea-
plane UAV, the submarine-launched UAV, and the sub-
mersible UAV. Furthermore, some of the unmanned
aquatic and air vehicles are made with fixed wings
(Weisler et al 2017) and some others with folded wings
for reduced drag during diving (Wu etal 2019).

The water impact of canonical shapes such as
spheres and cones can be divided into a number of
distinct phases (May 1975, Truscott et al 2014) and
applied to the water entry of birds: 1. shock-wave phase
(figure 3(A) frame 1), 2. flow-forming phase (frame 2),
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3. open-cavity phase (frame 3), 4. closed-cavity phase
(frame 6), 5. collapsing cavity phase (pinch-off, frame
7), and 6. fully-wetted phase (not shown). Exper-
imental studies of projectiles (Moghisi and Squire
1981, Eroshin et al 1980, Shiffman and Spencer 1945,
Bodily et al 2014) show that the forces of blunt body
water entry can be maximum anywhere between phase
1 and 5. The forces of the initial stages of impact must
be measured in order to make estimates of the dynamic
strength for a given structure (Korobkin and Pukhna-
chov 1988).

This study focuses on the initial phases of impact
for eleven 3D printed diving bird head models (five
plunge divers, five surface divers and one dipper).
These 3D printed bird head models are used to ana-
lyze the water-entry dynamics with embedded accel-
erometers to measure impact accelerations for verti-
cal entry, as higher height dives are made vertically by
the birds (Machovsky-Capuska et al 2011a). While it
is realized that there might be other factors that affect
the survivability of diving birds, studying the free-sur-
face impact forces in relation to the bird’s physical fea-
tures gives insight into understanding the properties
that enable plunge diving birds to dive underwater at
high speeds but not surface diving birds.

2. Methods

2.1. Birds

Specimens of five plunge diving birds, five surface
diving birds and one dipper were obtained from the
Delaware Museum of Natural History. The typical
properties of these species, including mass, length
and dive height, as obtained in nature are presented
in table 1 (collected from Alderfer (2008) and Perrins
2003). Heads of the birds were 3D scanned with the
GoMeasure 3D HDI Advance Rl scanning system
(Ambherst, VA). All birds were adults with the feathers
onthehead unruffled. Birds were chosen from available
specimens at the museum that were aquatic and in
good condition. Representative species of plunge
diving birds and surface diving birds were chosen for
comparison. The birds were all positioned with the
head and beak extended anteriorly, as in during plunge
diving. Only the scanned heads and beaks were used to
make the models, thus negating any effect of the body.
The scansreflected an accurate model of live bird heads
as the specimens included both the beak and the skull.
The posterior parts of the scans were modified (using
MeshLab and SolidWorks® software) to incorporate
an internal accelerometer near the neck region (figures
1(B) and (C)) and the corresponding drawings were
made to resemble the contour of real birds (figure
1(A)) as closely as possible. The birds were then 3D
printed with the Dimension SST 1200es ™ and treated
with acetone to smooth out imperfections from 3D
printing. The properties of the 3D printed bird head
models are presented in table 2. The exact densities
of the specific birds used in this paper are difficult
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Table 1. List of birds used and their typical properties.
Typical dive
Bird type Name of bird Mass (kg) Length (cm) height (m)
Plunge diving birds
1 Belted kingfisher (Megaceryle alcyon) 0.14t0 0.17 28 to 35 10to 12
2 Brown booby (Sula leucogaster) 1.00 to 1.80 64 to 85 15t0 20
3 Common tern (Sterna hirundo) 0.10 to 0.20 31 to 38 1to6
4 Northern gannet (Morus bassanus) 2.20 to 3.60 81to 110 10 to 30
5 Red-footed booby (Sula sula) 0.85 to 1.10 69 to 79 10 to 30
Dipper
1 Herring gull (Larus argentatus) 0.80 to 1.25 56 to 66 1to12
Surface diving birds
1 Atlantic puffin (Fratercula arctica) 0.40 to 0.65 28 to 30 0
2 Common eider (Somateria mollissima) 1.92 to 2.21 50 to 71 0
3 Double crested cormorant (Phalacrocorax auritus) 1.20 to 2.50 70 to 90 0
4 Common loon (Gavia immer) 2.50 to 6.0 66 to 91 0
5 Red-breasted merganser (Mergus serrator) 0.80 to 1.35 51 to 64 0

Data has been collected from Alderfer (2008) and Perrins (2003).

7

A B C

fletching for stabilization, (F) close-up view of a 3D printed model.

Figure 1. A picture of a brown booby for comparison of beak and neck profiles with modified drawings. (B) Side view of the
modified brown booby drawing that was 3D printed, (C) sectional view, showing space for the internal accelerometer container, (D)
the inertial measurement unit (IMU) (accelerometers) mounted to the sealed base, (E) 3D printed bird head with along shaft and

to find but in general, the average density of a bird is
0.73g cm 2 including lungs and air sacs (Saunder and
Manton 1949). Welty (1962) cited 0.9 gcm > for aduck
(without air sacs). The 3D printed bird head models
had an average density of 0.88g cm 3, which can be
considered close enough to the actual bird densities.
The final 3D printed model of a northern gannet is
shown in figure 1(F). Since the printed bird heads had a
heavier rear end which made them prone to rotate dur-
ing free-fall from the higher speed drops, a long shaft
with fletching (i.e. arrow) was attached to their back-
side for stabilizing purposes, as shown in figure 1 (E).

2.2. IMU

An IMU (InvenSense MPU-9250) consisting of a
3-axis accelerometer, a 3-axis gyroscope and a 3-axis
magnetometer was embedded in the bird head models.
MPU-9250 is a multi-chip module (MCM) consisting
of a gyroscope, an accelerometer and an electronic
compass (Asahi Kasei Microdevices AK8963). The

MPU-9250 accelerometer has a maximum range
(£16g) lower than our expected maximum, hence
an additional accelerometer (ST H3LIS331DL) with a
maximum range of £400 gwas added to the unit. Both
accelerometers had reported sampling frequencies of
1000 Hz to measure the impact accelerations of the
bird head models. The collected data indicated that the
accelerometers sampled between 998 Hz and 1002 Hz.
A raw output example of the accelerometers is
shown in figures 5(B)—(D). The accelerations are zero
while the bird head model is in free fall, impact occurs
at ~0.055s and the accelerometers increase in value at
impact. Although the IMU was capable of measuring
rotation angles, it was not used since we were mainly
interested in the impact acceleration of these bird head
models. The wireless IMU (figure 1(D)) was connected
to a computer via Bluetooth® and triggered manually
or after detecting freefall to start data recording. The
unit was placed securely in a waterproof container
within the printed birds as shown in figure 1(C).
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Table 2. Physical properties of the 3D printed bird heads.

SISharkeretal

Bird type Name of bird Mass (kg) Beak length (mm) Neck diameter (mm)
Plunge diving birds
1 Belted kingfisher (Megaceryle alcyon) 0.375 68.8 41.04
2 Brown booby (Sula leucogaster) 0.292 95.1 48.21
3 Common tern (Sterna hirundo) 0.377 76 29.18
4 Northern gannet (Morus bassanus) 0.452 102.4 68.03
5 Red footed booby (Sula sula) 0.251 69.7 48.91
Dipper
1 Herring gull (Larus argentatus) 0.452 54.8 68.13
Surface diving birds
1 Atlantic puffin (Fratercula arctica) 0.349 44.36 41.7
2 Common eider (Somateria mollissima) 0.292 59 52.26
3 Double crested cormorant 0.248 62.8 40.54
(Phalacrocorax auritus)
4 Common loon (Gavia immer) 0.349 74.47 58.21
5 Red-breasted merganser (Mergus serrator) 0.263 63 49.84
A B )
Release Mechanism
Arr
Electromagnet ow
Bird (with IMU) Bird (with IMU)
Lights
Cameras
Water Tank Camera
Surface of Lake/Pool E]:I

Figure2. Schematic of the experimental setup. (A) The bird head model containing the IMU was released vertically from an

electromagnet while two high-speed cameras captured the water entry event from above and below the free surface. (B) High impact

velocity experiments were performed in a pool or a lake with a camera viewing from above the free surface to capture the falling bird

head.
2.3. Setup lifted to the desired height and released using a remote

The 3D printed birds were dropped from heights
as high as 30 m reaching speeds of up to 23.2 m s~ .
Maximum drop heights of only 1 m were permissible
in thelaboratory where the bird models and embedded
accelerometers were dropped vertically from an
electromagnet into a glass tank containing water
(figure 2(A)). Higher impact velocities were achieved
in a 47 m deep swimming pool while the highest
drop heights were conducted at the Upper Stillwater
Dam in Duchesne County, Utah, which had a height
of approximately 33 m from the top of the dam to the
water surface at the time of the experiment. The 3D
printed models and accelerometers in these cases were

release mechanism (figure 2(B)). Each bird head
model was dropped three times from the same height,
except from 30 m where it was dropped just once due
to the lack of allowed time and weather conditions at
the dam site. Error bars in the figures represent the
maximum 95% confidence band using a Student’s
t-distribution for #n = 3 cases. The 30 m drop heights
have error bands that are not reported since we were
only able to drop the bird head models once at that
height. Raw data from the IMU for the impact events
for two different birds at three different speeds are
shown for reference in supplemental information SI
figure S1 (stacks.iop.org/BB/14/056013/mmedia).
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10 cm

Figure 3. Image sequences showing the water entry of three plunge diving bird heads as marked for an impact velocity of
v=4.4ms . The time interval between each image is 22 ms. All birds pitch upward after impact in every drop.

Atthelowest drop heights in the laboratory, images
were captured with two high-speed cameras (Photron
SA3, 1000 fps) set orthogonally to check if the bird
models entered the water surface vertically (shown in
figure 2(B)). At the pool, a single high-speed camera
(Photron SA3, 500 fps) was used for imaging below
the surface (figure 2(B)). At the pool and the lake, a
single 120 fps camera (Sony Alpha 7r) was used above
the surface to capture the impact speeds (figure 2(B)).
Images were processed using MATLAB® to determine
the impact velocities for each height.

The impact duration, At, used in this paper is
defined as the time required to reach from zero to max-
imum acceleration and is measured in the same man-
ner as by Broglio et al (2009). The impact acceleration
and the impact duration is used to calculate the impact
jerk of the diving birds, where jerk is the time deriva-
tive of acceleration (J = da/dt) (Eager et al 2016). The
jerk values are then non-dimensionalized to take into
account the differences in masses and neck areas of the
birds using the following equation:

_Aa m

] _Kt' %ngA’ (].)

where Aais the change in acceleration during impact,
At is the impact duration, m is the total mass of the
real bird, p is the density of water, v is the impact

velocity and A is the cross-sectional area of the neck
of the bird.

3. Resultsand discussion

Five plunge diving, one dipper, and five surface diving
bird models were dropped into water with impact
velocities ranging between 4.4-23.2 m s~! (properties
are listed in table 2). Image sequences in figures 3 and
4 demonstrate the water entry events of three plunge
diving birds (common tern, brown booby and red-
footed booby) and three surface diving (Atlantic
puffin, common loon and double-crested cormorant),
respectively. Air entrainment and cavity formation
occurs as the bird head models impact the water
surface and travel through the fluid.

The image sequences of the bird head models
entering the water were matched with accelerometers
at the first moment of impact for all but the highest
impact speeds where only accelerometers were used
(i.e. not truly synchronized). Figure 5(A) shows an
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10 cm

Figure 4. Image sequences showing the water entry of three surface diving bird heads as marked for an impact velocity of v =
4.4 m s~ L. The time interval between each image is 22 ms. The Atlantic puffin pitches upward, whereas the common loon and the
double-crested cormorant pitch downward, after impact in every drop.

image-sequence for a plunge diving bird model, the
northern gannet, as it enters water (a) at an impact
velocity of 4.4 m s~! until the cavity pinches-off (c).
Impact acceleration recorded by the accelerometer
in figures 5(B)—(D) (ax, ay, az, respectively) is expe-
rienced more prominently in the axial direction as
indicated by the sudden increase in acceleration after
the free-fall region (a) in figure 5(B), and the lack of
any significant acceleration in radial directions in fig-
ures 5(C) and (D). Here, axial direction-x refers to the
vertical direction along the body of the bird model
from head to tail; radial direction-y refers to the direc-
tion along the plane of the camera; and the remain-
ing for radial direction-z. This study is focused on the
initial phases of impact which starts from line (a) in
figure 5(B) to the next immediate peak in acceleration
(figure 5(B), t = 0.055-0.065s), where the effects of
any rotation from the bird head model are negligible
as the model has not had enough time to rotate. The
second peak in acceleration appears after the cavity
pinches-off (c), causing pressure reverberations typi-
cal of cavity collapse (Grumstrup et al 2007). The col-
lapse affects the projectile acceleration in all directions
with the largest change occurring in the axial direction.

The images also show a pitch down trajectory as the
bird travels downward through the water column. This
causes the rear end of the bird model to touch the cav-
ity walls (b), disrupting the cavity shape.

Previous literature used cones as an approx-
imation to bird heads (Chang et al 2016). Trends in
impact acceleration noted by Bodily et al (2014) for
projectiles with conical and ogive noses resemble the
accelerometer results (figure 5) obtained for diving
bird models in this study. However, comparing maxi-
mum drag coefficients obtained in the present study
to those of cones from experiments by Baldwin (1971)
reveals that the bird heads experience significantly
larger drag coefficients (i.e. forces) than cones and that
they do notseem to have asignificantly increasing drag
with increasing angle (see SI figure S2). The difference
arises from bird heads having varying beak angle val-
ues in the azimuthal plane, unlike cones which are uni-
formly shaped objects. Hence, using exact 3D printed
replicas of bird heads instead of approximating them
as cones provides more accurate results.

Most bird beaks have two distinct angles, one of
which can be measured from the side view, and the
other from the top view. In this study, we use a ratio

6
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Figure5. (A) Water-entry event of the northern gannet for an impact velocity of v = 4.4 m s~!. Axial acceleration data (B) is
synchronized with the two radial acceleration data (C) and (D). Small letters represent stages of the impact: (a) impact with water,
(b) change in radial acceleration from the bird model rear end touching the cavity walls, and (c) cavity pinch-off.

of these two beak angles, called the beak angle ratio
defined as the top angle divided by the side angle, pre-
sented in figure 6(A), where the beak angle ratio ranges
from 0 to 1, with 1 being the highest possible ratio. The
beak angle was measured from a point where a line
drawn would maximize the coincidence with the con-
tour of the beak. This provided results that matched
closely with Chang et al (2016) angle data. High beak
angle ratios (e.g. red-footed booby) result from both
these angles being in close proximity while low beak
angle ratios (e.g. Atlantic puffin) occur when the dif-
ference is greater. Measurement of the top and side
angles is shown in figures 6(B) and (C). The dotted
line (at beak angle ratio ~0.54, figure 6(A)) separates
birds based on their beak angle ratios: plunge diving
birds fall above the line (0.565-0.822), while the dipper
(0.52) and surface diving birds (0.125-0.428) lie below
the line with one exception, the merganser. It is a sur-

face diver with a beak characterized by a round tip and
thus a high beak angle ratio of 1 (see SI figure S5).

A measure of the impact force experienced by the
3D printed bird heads can be obtained by compar-
ing impact accelerations (a) during water-entry. The
impact accelerations of all bird heads with impact
velocities ranging between 4.4-23.2 m s~ ! are shown
in figure 7. The maximum uncertainty was calculated
for all cases based on a 95% confidence interval with a
Student’s t-distribution. This was found to be £25.5
m s~ for plunge diving and £27.2 m s~ for surface
diving birds. We define the impact acceleration as
the first peak in acceleration directly after impacting
the water surface surface (e.g. t ~0.05s or ‘a’ in fig-
ure 5(B)). Although accelerations in the radial direc-
tion are much lower than those in the axial direction,
the overall impact acceleration considered is a measure
of accelerations in all three directions of the acceler-
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Figure 6. (A) Beak angle ratios of surface, dipper and plunge diving birds. The dotted line separates plunge divers from the dipper
and surface divers. (B) and (C) show components of the beak angle ratio: side-angle (B) and top-angle (C).
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Figure 7. Impactaccelerations recorded by the IMU versus beak angle ratios of bird head models used for four different impact
velocities. The error bars represent the maximum uncertainty calculated for all cases based on a 95% confidence interval with a

Student’s ¢-distribution.

ometer axes (i.e.a = ,/a; + a} + aZ). Figure 7 does
not appear to show any obvious trend separating
surface diving, dipper or plunge diving birds. Some
plunge divers (114.3-300.1 m s 2) record higher
impact accelerations than surface divers (154.4—
399.2 m s—2), while others record lower, and vice versa.
The same can be said about the impact forces when a
Force, F versus beak angle ratio plot is observed (SI fig-
ure S3), where F = ma.

In fact, our data indicates that surface divers could
safely dive from heights as high as plunge divers when

using the methodology of Chang et al (2016). Experi-
ments performed by Chang et al using cones and elas-
tic beams as bird head and neck replicas, respectively,
identified unstable (bent neck) and stable regimes (not
bent). Their analysis estimated that northern gannets
and brown boobies dive in a stable regime, capable of
diving with impact velocities of up to 24 m s~ ! without
incurring any injury. Herein, all of the bird models we
tested including surface divers are found to dive in the
stable regime at the highest impact velocities as calcu-
lated and shown in SI figure S4. This data implies that
surface divers are capable of diving at high speeds but
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yet they do not. Is there a physical limit to plunge dive
safely or is the dive speed regulated to moderate dive
depth and the ability to capture fish?

Although we cannot answer whether or not these
are behavioral traits, we can explore another impor-
tant property considered in impact events like car
accidents. The destructive effect of sudden changes
in motion is called ‘jerk’ and is defined as the rate of
change of acceleration, where large values of jerk are
considered dangerous or destructive (Eager eral 2016).
The bird models experience a very rapid change in
acceleration upon water-entry similar to a human in
a car accident. Herein, the jerk is based on the entire
duration during which the impact event occurs (as
shown in figure 5) starting from zero acceleration to
maximum. An instantaneous jerk using the slope of
the steepest part of the data from the accelerometer
was not used because the event is so fast it is possible
that the accelerometers did not capture the true slope.
Instead, the jerk was calculated using the time from the
beginning of the slope change to the maximum.

Analysis of all individual accelerometer data
recorded reveals the impact duration to be longer for
plunge divers and shorter for surface divers impact-

ing at identical velocities even though the maximum
accelerations are similar. Figure 8 shows the impact
duration, At, at four different impact velocities for
a plunge diver (northern gannet) and a surface diver
(common eider). All impact durations were meas-
ured similarly as shown in figure 8(A), starting from
anincrease in acceleration from zero to maximum. For
accuracy, the impact durations were directly measured
from the accelerometer data. The plots in figure 8 are a
small part of the whole acceleration data as in figure 5,
focusing on the impact region.

Themassesand neck areas of each bird are different,
so non-dimensionalizing the jerk value (J*) is impor-
tant for the analysis and is defined in equation (1). The
J* values for all birds tested in this study are shown
in figure 9. The dotted line represents a theoretical
safe limit calculated from equation (1) based on data
obtained from human injury experiments, due to the
lack of literature on the safe limits of J* for bird water
entry impact. According to Hill (1950), the inherent
strength of a contracting voluntary muscle fiber is
roughly constant and is independent of the size of the
animal. Additionally, the maximum stress that a mam-
malian muscle can exert is found to be 0.35 MPa (Mad-




Bioinspir. Biomim. 14 (2019) 056013

SISharkeretal

104 F T T T T
r DOxA Plunge divers
bOO%*A Surface divers
Bo*A Dippers
B v=232ms?
Ov=124ms"
% v=9.5ms!
103; Av=44ms?
F a n] a
3 I1
* —_— - T . e [ el s el R R R
o A Q o o
o
2
10°F x Q o fo) .
Qo ¥ .
A A A x
A x
A 24 Q A
10'F
I I A A
0 0.2 0.4 0.6 0.8 1
Beak Angle Ratio
Figure9. Non-dimensional jerk J* versus beak angle ratios of bird models used for four different impact velocities. The error bars
represent the maximum relative uncertainty calculated for all cases based on a 95% confidence interval with Student’s t-distribution.
The dotted line represents the theoretical safe limit based on human injury data.

den et al 2004) and that of a bird muscle is found to
be 0.30 MPa (Pennycuick 1996), which support Hill’s
conclusion. Thus, considering that birds and humans
have similar muscle strength, we non-dimensionalize
information from human water impact injury studies
to calculate the safe limit for J* of birds. Of the two crit-
ical impact velocities reported for human survival in
free fallimpacts onto water,weusev = 30.5ms™! (Sny-
der 1965, Kumar and Norfleet 1992). Similarly, some
experiments on athletes have been conducted to deter-
mine the critical impact acceleration of 765.2 m s—2
(Withnall ef al 2005) and duration of 15ms (Pellman
etal 2003) that could result in a concussion.

According to this limiting non-dimensional jerk,
any value that falls below the dotted line in figure 9
is considered safe and anything above is unsafe. Sur-
face and plunge divers have similar J* values for low
impact speeds but distinctions arise as impact veloc-
ity increases. The dipper (Herring gull) is found to
have a J* value similar to those of plunge divers. This
is expected, as Herring gulls are often observed to
make plunge dives (Verbeek 1977, Sibly and McCleery
1983) and have beak angle ratios close to plunge
divers. While surface diving birds appear divided by
the line, all plunge diving birds and the dipper fall
within the safe region even for the highest impact
velocities tested. Surface divers diving at lower impact
velocities are found to be in or near the safe region,
still being close to the limit. However, none of the sur-
face divers fall in the safe region when impacting at
23.2m s~ L. The proposed safety limit can explain why
surface divers do not dive from high heights and indi-
cates that J* could be a deciding factor in determining

whether a bird can dive or not. Larger J* for surface
divers, in general, can be attributed to the differences
in their beak shapes. Beak shape in birds has been
associated with prey type (Grant and Grant 1993,
Bright er al 2016), although allometry of the skull can
influence the size of the beak (Bright et al 2016). The
mechanics and functional morphology of avian struc-
tures remains poorly understood (Rubega 2000). This
includes the relationship between the fluid dynamics
and feeding. The black skimmer (Rhyncops nigra) has
a lower beak morphology with a tapered leading edge
toreduce dragas it moves along the air—water interface
to catch fish (Withers and Timko 1977). The spoonbill
(Platalea leucordia) sweeps its spatulate, flatten bill
through the water to shed vortices creating hydrody-
namic suction, which move prey to the mouth (Weihs
and Katzir 1994). Chang ef al (2016) examined the
hydrodynamic influence of the beak during plunge
diving on neck stabilization. We observe that sur-
face diving birds generally have blunt beak tips with
rapidly varying cross-sections whereas plunge divers
have sharply pointed beak tips for better water entry
characterized by a gradual increase in cross-section
as illustrated in figures 6 and SI S5. The analysis indi-
cates that an ideal plunge diving bird should have a
high beak angle ratio with a sharply pointed beak tip
and a gradual increase in cross-section towards the
head. Perhaps the beak angle is not unique to diving
birds, instead it may be a small prerequisite for effi-
cient plunge diving rather than the only requirement.
For instance, a non-diving bird with a large beak angle
ratio would have low J* values in the tests performed
here.

10



I0P Publishing

Bioinspir. Biomim. 14 (2019) 056013

4. Conclusions

This study presents the initial water-entry dynamics
of diving birds to understand why plunge divers can
dive into water at high speeds but surface divers do
not based on the morphology of the beak and head.
An embedded IMU is used to measure the impact
accelerations of eleven 3D-printed bird head models
(five plunge diving, one dipper, and five surface diving
birds) for impact velocities ranging between 4.4—
23.2 m s . Surface divers are noted to have smaller
beak angle ratios (0.125-0.428) than plunge divers
(0.565-0.822), with the exception of the merganser
(1.0) having a nearly symmetric beak tip. Impact
accelerations experienced for the highest impact
velocity by plunge divers (114.3-300.1 m s~2), dipper
(383 ms2) and surface divers (154.4-399.2 m s—2) are
not distinguishable. However, the jerk values of surface
and plunge divers are quite different at the highest
velocities. We introduce a non-dimensional jerk, J*,
having a safe limit based on human injury and survival
data. At the highest impact speeds tested, surface divers
are found to be associated with J* values exceeding the
safe limit while all plunge divers and the dipper are not.
Thus, the non-dimensional jerk provides a potential
measurement, among other factors, to explain why
surface diving birds avoid plunge diving acrobatic
techniques.
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