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Abstract
To explore the water entry flow and impact load characteristics of northern gannets, we conducted water entry experiments using a northern 
gannet’s head model based on three-dimensional (3D) printing and several cone models under different Froude numbers. A high-speed camera 
was used to capture flow images, and an inertial measurement unit (IMU) was used to record the water entry impact loads. The results indicate 
that the geometric topology of the model considerably influenced the water entry flow and impact load. Specifically, the northern gannet’s head 
model created a smaller water entry splash crown, cavity geometry, and impact load compared with the cone models of similar sizes.
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1  Introduction

Northern gannets comprise a type of plunge-diving bird. 
These animals can dive at speeds of up to 24 m/s (the hypo‐
thetical maximum diving speed reaches as high as 80 m/s) 
and catch fish at depths of 10–20 m without incurring inju‐
ries (Bush and Hu, 2006; Garthe et al., 2000; Bhar et al., 
2019; Pandey et al., 2022). Northern gannets adjust their 

dive based on the depth of their prey. Specifically, they 
perform a V-shaped dive, with a short entry period, and 
strike the water surface at an angle when their prey is at shal‐
low depths; they perform a U-shaped dive, which requires 
a long entry period when their prey is found at great 
depths (Capuska et al., 2011; Capuska et al., 2013). More‐
over, to reduce high-speed water entry impact load, northern 
gannets fold their wings and straighten their necks to reduce 
the contact area with water (Lee and Reddish, 1981; Low 
et al., 2015). Ropert-Coudert et al. (2004) used accelera‐
tion data loggers to record the acceleration and entry depth 
data on the water entry of natural gannets. The recorded data 
show that the gannets used their momentum to travel under‐
water at an average descent rate of 2.87 m/s (sd =±1.53) 
and actively made a brake after reaching the desired depth 
(range: 0.3–9.7 m). During high-speed plunge diving (i.e., 
most gannets plunge from a height of approximately 30 m), 
the peak impact acceleration of gannets, which exerts a con‐
siderable force on their body, can reach around 23 times the 
gravitational acceleration based on numerical simulation 
(Yang et al., 2012; Wang et al., 2013). The pressure distribu‐
tion on the gannet’s body surface under various water entry 
angles indicates that a large pressure asymmetry caused by 
a small water entry angle may lead to a large impact action 
on the longitudinal body axis and damage the animal’s neck. 
These findings partly explain the water entry of gannets at 
a large water entry angle from the perspective of impact 
mechanics (Yang et al., 2012; Wang et al., 2013). Liang et al. 
(2013) developed a bionic gannet to investigate the impact 
load of water entry based on the analysis of body configu‐
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ration and skeleton structure and motion patterns of gannet 
wings during plunge diving. Their prototype was equipped 
with adjustable sweptback wings to adopt various body 
shapes for water entry. The maximum peak impact accelera‐
tion and overload reached 167.20 m/s2 and 18.06, respectively.

Seabirds experience no injuries during high-speed plunge 
diving. To clarify the underlying mechanical mechanism, 
some studies have focused on water entry cavity flow char‐
acteristics and impact loads of gannets. Chang et al. (2016) 
used the buckling and nonbuckling behaviors of an elastic 
beam to represent the stability of seabirds’ necks; they 
modeled the gannet neck as an elastic beam and replaced the 
gannet head with a cone model. In addition, they explored 
the effect of neck muscles on the modification of the buck‐
ling criterion. As shown by the results based on a force 
transducer, plunge-diving seabirds possess a unique mor‐
phology, dive at appropriate speeds, and have strong neck 
muscles for safe diving at high speeds.

The neck and body of a gannet were represented by a 
gannet-inspired system modeled as an Euler–Bernoulli or 
Timoshenko beam. Meanwhile, cones with varying half-
angles were used to model the gannet head. The results 
show that the critical velocity was the greatest under 
clamped–clamped boundary conditions due to the increased 
stability at both ends of the beam. Furthermore, the soften‐
ing of joints during plunge diving consistently decreased 
the buckling speed of the system and considerably altered 
the buckling shape (Zimmerman et al., 2019; Zimmerman 
and Abdelkefi, 2020a; 2020b).

Sharker et al. (2019) recreated a gannet model with a 
mass of 0.452 kg via three-dimensional (3D) printing and 
measured the impact acceleration of water entry using an 
embedded inertial measurement unit (IMU) with impact 
velocities ranging from 4.4 to 23.2 m/s. The plunge-diving 
bird (northern gannet) attained the highest acceleration, 
which was approximately 25 times the gravitation acceler‐
ation. Thus, based on human injury data, the destructive 
effect of sudden changes in motion occurs observed below 
the theoretical safety limit, i. e., the nondimensionalizing 

jerk value (J ∗ =
Δa
Δt
⋅ m

0.5ρgUA
). Here, ∆a refers to accel‐

eration change during impact, Δt denotes the impact dura‐
tion, m indicates the total mass of the real bird, ρ repre‐
sents water density, U means the impact velocity, and A is 
the cross-sectional area of the bird neck.

Furthermore, a plunge dive involves three notable phases: 
1) impact phase, 2) air cavity phase, and 3) submerged 
phase. A greater risk of bird neck injury can be observed 
during the impact and air cavity phases than during the 
submerged phase. The force is spread along the feather pat‐
tern, that is, over a considerably large area of the body, 
before being transferred to the skin, which reduces the pres‐
sure on the skin after the pinch-off based on the hypothesis 
introduced in the work of Bhar et al. (2019). Moreover, the 

impact dynamics of animal (i. e., dolphins, plunge-diving 
gannets, and water-walking basilisk lizards) and human 
diving (i.e., diving head first, diving hand first, and diving 
feet first) were investigated (Pandey et al., 2022). The 
dimensionless time-averaged impulse versus the diving 
height plot was used to propose a safe height for human 
diving in a particular body position (Pandey et al., 2022).

In addition, water entry is a fundamental and prevalent 
problem in different applications (Jiang et al., 2018a; Jiang 
et al., 2018b; Jiang et al., 2021). This condition includes nat‐
ural phenomena, such as a basilisk lizard walking on the 
water surface (Glasheen and McMahon, 1996) and a stone 
skipping on water (Clanet et al., 2004); military applica‐
tions, such as antitorpedo and antisubmarine water entry 
(May, 1975); aerospace engineering applications, such as 
the water entry impact of aerospace structures (Seddon 
and Moatamedi, 2006); sports applications, such as the 
water entry of swimmers and divers and the entry and exit 
of oars during rowing (Truscott et al., 2014). Object water 
entry is accompanied by three main scientific problems: 
impact load prediction, calculation of vehicle trajectory with 
cavity running, and comprehension of air cavity development.

Based on previous studies, this study aimed to deter‐
mine the impact load of water entry differences between a 
northern gannet's head and cone models with the same cone 
angle as the northern gannet’s head. Therefore, water entry 
flow and impact load characteristics of northern gannets 
were experimentally investigated using a series of water 
entry experiments on northern gannets’ head model based 
on 3D printing and different cone models under various 
Froude numbers. The rest of this paper is organized as fol‐
lows: Section 2 provides details on the experimental meth‐
odology. Section 3 presents the experimental observations 
on water entry for different models, cavity characteristics, 
and water entry load properties under various Froude num‐
bers. Section 4 presents the conclusions.

2  Experimental setup

Systematic experiments were conducted to investigate 
the flow and load characteristics of the northern-gannet 
head model as it penetrates the air–water interface. Experi‐
ments were performed in a water entry experimental system, 
which mainly comprised a water tank, a high-speed imaging 
system, an IMU, a model release system, and the experi‐
mental models (Figure 1).

The water tank consisted of a tempered glass water tank 
with dimensions of 1 800 mm×800 mm×1 000 mm and a 
wall thickness of 15 mm. The plastic elastic mesh frame 
set at the bottom of the water tank prevented the model 
from hitting it. The high-speed imaging system comprised 
a Photron Fastcam Mini AX200 high-speed camera and a 
3×4 100 W light-emitting diode (LED) light array. Uniform 
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light and clear image capture, were ensured by covering 
the LED light source with a piece of white plastic sheet. 
The IMU comprised a microcontroller, an MPU6500 motion 
tracking device, and a W25Qxxx series memory unit. The 
microcontroller was equipped with an Arduino control 
board, and the MPU6500 accelerometer was sampled at 
4 000 Hz in the measurement range of ±16 g. Given the data 
storage, a sampling frequency of 1 250 Hz was used. The 
IMU was embedded in the tail of the bird head and cone 
models during each test to record instantaneous impact 
events, which were stored in the electromagnetic device to 
achieve the free release of the model. Acceleration had a 
measurement uncertainty of 3%.

The experimental models included the northern gannet 
head model and four cone models using ordinary resin. 
The geometry of the bird head model was obtained via the 
reversal of the 1∶1 image of the 2D gannet specimen and 
its conversion to 3D format (Chang et al., 2016). To com‐
pare the water entry characteristics of the bird head and 
cone models, we designed four cone models with various 
maximum cross-sectional sizes.

Specifically, the cone angles (i. e., α = 7.9°, β = 12.3°) 
and total length (LM = 156.2 mm ) of the cone models were 
kept the same as those of the bird head model (Figure 2). 
However, the maximum cross-sectional area was set to 
be greater than, equal to, and less than the cross-sectional 
area of the bird head model. Using the radius of their max‐
imum cross-sectional area, the cone models were named 
cones R24, R23.5, R21.5, and R19.5. Cone R23.5 and the 
bird head model had the same maximum cross-sectional 
area (i.e., 1 713 mm2). In addition, the diameter of cone 
R24 was the same as the maximum diameter of the bird 
head model because the bird head is not a regular circle 
(Figures 2(a)–2(b)).

The bird head and cone models showed slightly differ‐
ent masses. Specifically, the bird head model and cones 
R24, R23.5, R21.5, and R19.5 had masses of 0.510, 0.493, 
0.492, 0.489, and 0.475 kg, respectively. These models 
exhibited a maximum mass difference of 0.035 kg. To clarify 

the effects of mass difference on impact load, we performed 
comparison experiments on all the cone models having the 
original mass and the same mass as the bird head model 
(i.e., 0.510 kg) at three different release heights. Figure 3 
presents the impact load results (H = 122 cm) of the cone 
models with the original mass and the same mass as the 
bird head model. The various model masses resulted in a 
considerably small impact load difference. The main dimen‐
sionless number is the Froude number, which is defined as 

Fr =
U

gdCS3

 and ranged from 4.97 to 7.18 (i.e., Fr of the 

bird head model). Here, g refers to the gravitational accel‐
eration, U denotes the water entry velocity of the model, 
and dCS3

 indicates the location diameter CS3 (i. e., maxi‐

mum cross-section). Experiments were conducted at least 
thrice to meet data repeatability requirements (Figure 4).

3  Experimental results

3.1  Water entry cavity flow

To investigate the water entry cavity of the bird head 
and cone models, we performed experiments under different 
release heights (52, 87, and 122 cm) and based on experi‐
mental equipment and facilities available in the laboratory. 
For comparison, the typical water entry cavity images of the 
bird head and cone models under the same release height 
(122 cm from the water surface) were obtained (Figures 5–9). 
The water entry cavity flow caused by the bird head and cone 
models was the same as that observed in previous studies 

Figure 2　 Three-dimensional and two-dimensional schematics of 
bird head and cone models

Figure 1　Schematic of water entry experimental setup
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(May, 1975; Tan et al., 2016; Jiang et al., 2018a). In general, 
after the free fall of a model, its tip touched the water sur‐
face, which caused a slight bulge on the free water surface 
(Figures 5–9(a–d)). Immediately thereafter, full immersion 
of the largest section of the model in the water created an 
air–water interface (i.e., cavity formation) (Figures 5–9e). 
Then, continued development of the cavity was observed 
with the increase in entry depth, and typical water cavity 
flow occurred (i.e., splash, surface closure, and pinch-off 
of the cavity; Figures 5–9(f–k)).

Regardless of the similar water entry cavity flows observed 
across all experimental models, certain differences were 
still noticed. First, compared with the symmetrical water 
entry cavity of the cone models (Figures 6–9), the water 
entry cavity created by the bird head model was symmetrical 
from the front (Figures 5(a) e– i) and asymmetrical from 
the side (Figures 5(b) e– i) due to model asymmetry (see 
the Supplementary Videos S1 and S2 for further details). 
Moreover, the cavity size increased, and the dimensionless 

pinch-off time τ = t 2g/dCS3
 extended with the increase 

in base maximum diameter of the cone models (Tan et al., 
2016) (Figures 6 – 9) (see Supplementary Video S3 for Figure 4　Results of repeated experiments at a release height of 122 cm

Figure 3　Comparison of the impact loads of cone models with the 
original mass and the same mass as the bird head model (red and 
black curves, respectively)
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further details); tdenotes the pinch-off time. Remarkably, 
the bird head model showed a notably earlier dimension‐
less pinch-off time (Figure 5i) than all the cone models 
(Figures 6 – 9). Thus, the energy transfer from the entry 
model to the water of the bird head model was considerably 
smaller than that of the cone models (Jiang et al., 2021; 
Lee and Reddish, 1981). More specifically, previous stud‐
ies on water entry cavity geometry (May, 1975) indicated 

that cavity geometry depends on energy transfer from the 
water entry model. Namely, the greater the energy transfer 
from the water entry model, the greater the cavity geometry 
(May, 1975). In addition, given its asymmetrical structure, 
the bird head model showed a shift in its underwater trajecto‐
ry based on the side view images (Figure 5(b) k). However, 
the cone models maintained an almost straight line move‐
ment due to their symmetrical structure (Figures 6–9).

Figure 5　Typical water entry cavity images under the release height of 122 cm (Fr = 7.18, τ = 1.16), (see Supplementary Videos S1 and S2 
for further details, which were recorded at 6 400 frame/s and played back at 60 frame/s)

Figure 6　Typical water entry cavity images of cone R19.5 at the release height of 122 cm (Fr = 7.96)
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To quantitatively investigate the cavity geometry across 
all experimental models, we measured the open-cavity diam‐
eter (DC /D) and cavity length (LC /D) under different entry 
depths, where D refers to the maximum diameter of various 
models. Figure 10 presents the parameter definition, and 
Figure 11 summarizes the results. Here, LD refers to the 
depth at which the model is just submerged, and h=46.4 mm 
is the depth interval (Figure 10). The cavity geometry was 
measured based on the images captured using a high-speed 

camera. The cavity diameter and length observed in the 
images correspond to the number of pixel points. Given 
the relationship between camera resolution and shooting 
distance, the maximum measurement uncertainty of the 
cavity geometry was 0.34%–5.7% across all experimental 
conditions. As presented in Figure 11, the cavity diameter 
DC and length LC increased with the entry depth for all the 
cone models. However, the DC and LC of the bird head 
model suddenly decreased with the increase in entry depth 

Figure 7　Typical water entry cavity images of cone R21.5 at the release height of 122 cm (Fr = 7.56)

Figure 8　Typical water entry cavity images of cone R23.5 at the release height of 122 cm (Fr = 7.23) (see Supplementary Video S3 for further 
details, which was recorded at 6 400 frame/s and played back at 60 frame/s)

Figure 9　Typical water entry cavity images of cone R24 at the release height of 122 cm (Fr = 7.15)
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due to the pinch-off, especially from the front view (Figure 5). 
In summary, the bird head model experienced a smaller 
splash than all the cone models and had a smaller diameter 
of the open cavity, which resulted in faster cavity shrink‐
age and rapid pinch-off. The results (images and cavity 
geometry) on the other two release heights (i. e., 87 cm 

and 122 cm) are not presented because similar trends were 
observed across all experimental models.

3.2  Water entry impact load

To investigate the water entry impact load characteristics 
of the bird head and cone models, we determined the real-
time impact acceleration trends for all the models at different 
release heights (i.e., 122, 87, and 52 cm) (Figures 12–14).

Figure 12 shows that the tip of the bird head mode (CS1) 
touched the water surface at around 0.910 4 s. Then, the 
impact load (upward impact acceleration) increased with 
the model penetration depth. The maximum cross-section 
(CS3) of the bird head model entered the water at approxi‐
mately 0.938 s. Although similar impact load variation trends 
were observed for all the cone models, the water entry im‐
pact load increased with the cone model the base maxi‐
mum diameter (i. e., CS3). Moreover, the bird head model 
achieved considerably lower acceleration values of water 
entry (0.54 g) compared with cones R24 (0.86 g), R23.5 
(0.78 g), and R21.5 (0.66 g) but slightly higher values than 
cone R19.5 (0.53 g) (Figure 12). The impact acceleration 
characteristics of a bird head model at the maximum cross-
section were attributed to the energy transfer characteris‐
tics from the model to water, i. e., energy transfer in the 
bird head was smaller than that in some cone models, as 
indicated by the cavity formation images in Figures 5–9 
(May, 1975; Lee and Reddish, 1981; Jiang et al., 2021).

Similar impact load experimental results were obtained 
for the other two release heights (i. e., 87 cm and 52 cm) 
(Figures 13 and 14, respectively). At the release height of 
87 cm, the water entry impact acceleration of the bird head 
model (0.48 g) was notably less than those for cones R24 
(0.7 g), R23.5 (0.65 g), and R21.5 (0.52 g) and slightly 

Figure 11　Cavity geometry under different entry depths for the same 
release height (52 cm) across all experimental models

Figure 10　Definition of geometric parameters
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greater than those for cone R19.5 (0.44 g) (Figure 13). 
Moreover, at the release height of 52 cm, the impact accel‐
eration of the bird head model (0.46 g) was less than that 
for cones R24 (0.57 g) and R23.5 (0.53 g) and was slightly 
greater than those for cones R21.5 (0.42 g) and R19.5 
(0.35 g) (Figure 14).

4  Conclusions

The systematic experimental investigation of the entry 
flow and impact load characteristics of the northern-gannet 
model and cone models with different maximum cross-sec‐
tion areas yielded noteworthy results. The model geometry 

topology considerably influenced the water entry cavity 
flow and impact load.

For the water entry flow, the northern-gannet head model 
created a smaller water entry splash crown and cavity geom‐
etry than similar-sized cone models. In addition, the bird 
head model had a remarkably earlier pinch-off time than all 
the cone models. The water entry flow characteristics were 
attributed to the unique streamlined water entry of the bird 
head model, which transferred a relatively small amount 
of energy to the water compared with the cone models. 
For the impact load, the bird head model attained a smaller 
impact acceleration at the maximum cross-section com‐
pared with similar-sized cone models (i.e., cones R24 and 
R23.5) across all experimental conditions. Specifically, the 
values of water entry acceleration observed for the bird 
head model (0.54, 0.48, and 0.46 g for the release heights 
of 112, 87, and 52 cm, respectively) were notably less than 
those for cones R24 and R23.5. The acceleration values 
for cone R24 were 0.86, 0.7, and 0.57 g, and those for cone 
R23.5 reached 0.78, 0.65, and 0.53 g at the mentioned re‐
lease heights of 112, 87, and 52 cm).

For clarification of the physical mechanism underlying 
the impact acceleration of the bird head model at a maxi‐
mum cross-section smaller than that of the similar-sized 
cone models, detailed water entry cavity flow should be 
measured via particle image velocimetry or numerical sim‐
ulation using a suitable model.
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