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 a b s t r a c t

This paper reveals how plunge-diving seabirds control impact energy during high-velocity water entry to hunt 
fish in deep waters without breaking their necks. Previous research has shown that the aerodynamic shape of the 
head or the structural compliance in the neck can reduce slamming forces. However, the physics governing their 
combined effects combined on the dive performance are is not well understood. The paper addresses this gap 
by demonstrating analytically and experimentally why the combined effect of shape and compliance is key for 
controlling the energy transmission during impact, passively. The impact forces at varying velocities are measured 
experimentally using a simple projectile design— to emulate seabirds’ dives —with different head shapes (cone 
angles) and spring stiffnesses (compliance). The experiments are utilized to develop a semi-analytical model to 
estimate the amount and duration of the stored, released, and dissipated energy. Our findings show that the 
slamming forces can be passively reduced by tuning the compliance to increase the amount of impact energy 
stored in the system and delay its release and dissipation. While decreasing the cone angle reduces the slamming 
forces for a rigid system, the effect of compliance on reducing these forces is more pronounced in projectiles with 
half-cone angles larger than 30°. Modeling the interplay between cone angle and neck compliance offers physical 
insights into how diving seabirds mitigate mechanical stresses during impacts, thereby avoiding catastrophic 
damage. Conversely, these insights can be exploited to engineer mechanical systems with passive control of 
dynamic loads such as impact, shock, or vibrations with minimal energy losses.

1.  Introduction

An object experiences large forces as it impacts the water at high 
velocity. Diving seabirds such as the Northern gannet (Morus bassanus) 
plunge through the surface at speeds around 70 mph, multiple times 
per day, to hunt. They have evolved to survive these impact forces by 
developing several features such as narrow beaks, compliant cervical 
(neck) anatomy and pressure-dissipative feathers (Weiss, 2014; Chang 
et al., 2016; Bhar et al., 2019; Sharker et al., 2019; Zimmerman et al., 
2019; Zimmerman and Abdelkefi, 2020). Understanding the mechanics 
governing their remarkable impact mitigation can generate novel solu-
tions for addressing important challenges in ocean engineering, such as 
improving the resilience of offshore wind turbines and oil rigs exposed 
to harsh ocean wave slamming (Paulsen et al., 2019), protecting boat 
hulls (Abrate, 2011), cushioning seaplane water-landing (von Karman, 
1929), streamlining projectile water entry (Truscott et al., 2014), and 
enabling air-to-water transformer drones (Lu et al., 2024; Gan et al., 
2024; Rockenbauer et al., 2021; Weisler et al., 2017).
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Some of the first and most influential studies on measuring water 
impact forces include those by Thompson (1928), May (1970), Grady 
(1979). Researchers proposed a variety of approaches to reduce forces, 
such as the application of surface treatments (Aristoff and Bush, 2009; 
Truscott and Techet, 2009; Shokri and Akbarzadeh, 2022; Mehri and Ak-
barzadeh, 2021; Benschop and Breugem, 2017; Koeltzsch et al., 2002; 
Chen et al., 2014, 2013), air and water jets (Elhimer et al., 2017; Speirs 
et al., 2019) and creating cavities in front of the projectile (Guo et al., 
2020; Lyu et al., 2021; Rabbi et al., 2021). Researchers have exten-
sively studied various nose geometries, including hemispheres, ogives, 
cones, cusps, and cups to characterize the effect of geometry on wa-
ter entry (Baldwin, 1971, 1975; Belden et al., 2023; McGehee et al., 
1959; Thompson, 1965; Li and Sigimura, 1967; May, 1970; Qi et al., 
2016; Sharker et al., 2019; Güzel and Korkmaz, 2020; Xu et al., 2011). 
All shapes were shown to exhibit a peak in the total drag coefficient 
due to slamming forces before settling into a steady state drag coeffi-
cient. The distinction lies in the nature of the transition: hemispheres 
and ogives display a rounded peak beginning at the moment of contact, 
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Symbol Description

𝛽 Half cone angle
𝐶𝑑 Coefficient of drag
𝐴𝑚𝑎𝑥 Maximal acceleration
𝑡𝑚𝑎𝑥 Time at maximal acceleration
k Spring stiffness
𝑘𝑆 Spring stiffness soft spring 1.76 N/mm
𝑘𝐹 Spring stiffness firm spring 8.16 N/mm
M Mass rigid cone body
𝑚1 Mass body and spring
𝑚2 Mass of cone and bearing
m Added mass
S Depth below water surface
x Displacement of body
c Damping
d Diameter cone
h Height cone
F Reaction force
g Gravitational acceleration
H Drop height
𝑈0 Impact velocity
𝜌 Density
𝜎 Surface tension
𝜈 Kinematic viscosity
𝐹𝑏 Buoyancy force
𝐹𝐶𝑑

Drag force
𝐹𝑔 Gravitational force
K added mass coefficient
𝜅 Geometric mass coefficient
𝜏 Stabilization rate added mass
𝐿𝑝 Depth at peak acceleration
𝐸0 Energy at impact
𝐸𝑟𝑖𝑔𝑖𝑑 Total energy of rigid projectile
𝐸𝑠𝑝𝑟𝑢𝑛𝑔 Total energy of sprung projectile
Δ𝐸 Difference between rigid and sprung projectile
C Force coefficient
I Impulse

while cones and cusps exhibit a sharper peak during the transition from 
slamming to steady-state behavior (Baldwin, 1975). In previous studies, 
cone-shaped geometries have been examined to gain insight into the ef-
fect of the head shapes of diving birds on their ability to penetrate water 
surfaces at high velocities safely as studies show how the sharp angle of 
the beak has a lower peak load compared to non-diving birds (Chuang 
and Milne, 1971; Faltinsen and Zhao, 1998; Sharker et al., 2019; Weiss, 
2014; Eliason et al., 2020). These results suggest that the morphology 
and structural anatomy of diving birds reduce impact forces and the risk 
of injury, as well as minimize drag to allow for deeper penetration and 
higher speed when capturing elusive prey (Sharker et al., 2019).

Research efforts also included experimental and analytical investiga-
tions of the effect of cone angle on impact forces (Baldwin, 1971; May, 
1970; Shiffman and Spencer, 1951; Korobkin and Scolan, 2006; Scolan 
and Korobkin, 2001). May (1970) found that the drag coefficient, 𝐶𝑑 , 
is an order of magnitude higher in a sharp cone projectile with half an-
gle 𝛽=22.5° (𝐶𝑑 ∼ 0.5) than in a blunt shape with 𝛽=70° (𝐶𝑑 ∼ 6)— 𝛽
is visually detailed in Fig. 1 and Fig. 2. Most analytical models avail-
able in the open literature focused only on blunt cones, i.e., cones with 
half angles between 70° and 84° (Malleron et al., 2007). These mod-
els do not hold for sharp cones that extend the period of impact. In 
fact, Sharker et al. (2019) found that the cone angle had a significant 
effect on the jerk, which is the time derivative of acceleration. They 
suggested that the diving birds’ head shape evolved to reduce the po-
tential damage from a high jerk. The jerk is an important metric in the 
transportation industry to assess the risk of passenger injury in crash 

Fig. 1. Maximal accelerations (𝑚∕𝑠2) of rigid (no compliance) and firm, and 
soft sprung bodies at an impact velocity of 4.4 m/s.

testing; an in-depth description can be found in Hayati et al. (2020),
Eager et al. (2016).

Limited studies have examined the water impact of a two-body sys-
tem connected with a spring (Miller and Merten, 1952; Carcaterra and 
Ciappi, 2000; Wu et al., 2020; Antolik et al., 2023; Boom et al., 2023). 
Miller and Merten (1952) modeled hydrodynamic impact during sea-
plane water landings, where the aircraft structural stiffness was ideal-
ized as a linear spring. Carcaterra and Ciappi (2000) developed a non-
linear fluid-structure interaction model to predict peak forces for a two-
mass wedge system that impacts water at hypersonic speed. Studies of 
the two-body sprung system with hemispherical shapes (Wu et al., 2020; 
Antolik et al., 2023; Boom et al., 2023). Wu et al. (2020) demonstrated 
experimentally that the impact force decreased with the introduction of 
a spring into a water entry system, but did not provide an analytical 
relationship between spring stiffness and impact forces. Antolik et al. 
(2023) showed that under certain conditions, adding a spring to the 
body could result in both force reductions and increases. Their exper-
imental samples had different hemisphere radii and spring stiffnesses. 
Boom et al. (2023) experimentally compared the impact performance 
of a sprung system with hemisphere and 60°cone heads. They found 
that blunt shapes, in addition to hemispheres, greatly benefited from the 
addition of low spring stiffness by reducing maximal acceleration and 
jerk (Boom et al., 2023). The next step in understanding seabird diving 
was understanding the functional morphology of the neck. Computed 
tomography (CT) scans generated by Chang et al. (2016) suggested that 
the gannet neck S shape acts as a spring in compression along the mid-
line. However, current research approximated the neck using continuous 
beam theory with uniform cross-sectional area (Chang et al., 2016; Zim-
merman et al., 2019; Zimmerman and Abdelkefi, 2020). In this paper, 
we represent the neck as a sprung segmentation connecting the coni-
cal head to the body. This morphological analogy answers the following 
fundamental question: what is the influence of tuning both the stiffness 
of the neck, and the head geometry, on the energy distribution in the 
system? Our experimental results allowed us to develop a model to un-
derstand how to control the energy distribution and ultimately mitigate 
slamming forces.

We modeled the complex fluid-structure interaction by modifying 
the approaches of Carcaterra and Ciappi (2000), Aristoff and Bush 
(2009), Baldwin (1971). The model captures the unsteady effects of the 
hydraulic added mass and the varying water entry velocity. Addition-
ally, we included contributions of steady-state drag, nose cone mass, 
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and body buoyancy. The steady-state drag due to viscous forces was ex-
perimentally estimated using least squares regression (Baldwin, 1971); 
details are provided in Appendix A. The peak force does not occur at 
full cone submergence for the cone-spring system, as suggested by most 
cone-only analytical models or wedge impact studies (Vincent et al., 
2018). We extracted the energy flow between the projectile and the wa-
ter, and the energy stored in the spring during impact. This revealed 
that the dissipation of impact energy can be manipulated to dissipate 
over a longer period, reducing peak loads. This model allows for the 
selection of spring compliance to best decrease body acceleration for a 
particular cone shape, and/or the selection of cone shape to best reduce 
head acceleration with a particular segmentation compliance Fig. 1.

The paper is structured as follows. Section 2 details the experimental 
setup and data acquisition. The modeling approach is provided in Sec-
tion 3. Analyses and result discussions on the energy flow, water entry 
efficiency, and jerk are detailed in Section 4. In addition to the conclu-
sion section, modeling details are included in Appendix A.

2.  Methodology

2.1.  Test cases

Each test projectile consisted of a head with a conical nose and a 
body which could be connected with either a spring or a rigid structure, 
as shown in Fig. 2b. The free body diagram of the system is detailed in 
Fig. 2b. Ten different cone angles between 10° and 80° are tested at five 
impact speeds between 2.2 and 5.4m/s with rigid, firm, and soft con-
nections. The range of cone angles was chosen to provide a broad rep-
resentation from sharp to blunt shapes. A 12°  angle was included based 
on the half-cone angle of the Northern gannet (Weiss, 2014). These
experiments were designed to generate a comprehensive dataset to de-
velop and validate the equation of motion for a system that encapsu-
lates a wide range of cone angles and spring stiffnesses. Forces exerted 
on the body were calculated from the acceleration measurements ob-
tained from an inertial measurement unit (IMU) mounted in the rear 
body; see Fig. 2a. The head and body were 3D printed using Polylactic 
acid (PLA), and Formlabs tough 2000 resin, respectively. The Formlabs 
resin was utilized to ensure waterproof internal housing. The dimen-
sional tolerances of the FDM and SLA parts were −0.33 and −0.02 mm, 
respectively. The head geometry is depicted in Fig. 2c. The diameter, 
𝑑, was kept constant at 52 mm. Cones with ten different half angles, 𝛽, 
between 10° and 80° were tested, as detailed in Table 1. The cone di-
mensions and masses for all samples are provided in Table 1. Each rear 
body was connected rigidly or with either a firm or a soft spring, where 
the stiffness constants for the firm and soft springs were 𝑘𝑆 = 1.74 N/mm 
and 𝑘𝐹 = 8.16 N/mm, respectively. The vendor stiffness values for each 
spring were confirmed by calculating the slopes of the force response 
plots obtained from compression loading tests using an Instron material 
testing system.

To ensure that the cone moved only along the body vertical axis, the 
nose motion was constrained with a linear bearing, which had minimal 
stiction but exhibited a small amount of viscous damping. The bearing 
housing was connected to the cone; as such, the nose and body masses 
can be computed as 𝑚2 = 𝑚𝑐𝑜𝑛𝑒 + 𝑚linear bearing, and 𝑚1 = 𝑚𝑏𝑜𝑑𝑦 + 𝑚𝑠𝑝𝑟𝑖𝑛𝑔 , 
respectively. The mass of each component in the projectile is provided 
in Table 2 and Table 1, which are used to normalize all the results. Re-
leasing the sample into the water was achieved using an electromagnetic 
controller, where a steel plate mounted on the rear body tail could be 
attached to it.

All cone angles were tested for the rigid case, but only a selection of 
cone angles of 25, 45, 60, and 80° were tested with springs. Angles lower 
than 25° were not tested since the contribution of the spring to the entry 
dynamics became negligible at the tested speeds. Data are available on 
Github (Boom et al., 2025).

Fig. 2. a) Schematic of the experimental setup, where 𝐻 and 𝑆 are the drop 
height and depth traveled by the projectile, respectively. The drop release is 
controlled using an electromagnetic device shown in orange. The projectile is 
accelerated by gravity. The untethered inertial measurement unit (IMU) housed 
in the rear body is utilized to collect and store acceleration measurements. b) 
Free body diagram of rigid and sprung projectiles, where 𝑀 , 𝑚, 𝑚1, 𝑚2, 𝑆, 𝐹𝑔 , 𝐹 , 
𝑘, 𝑐, 𝑔 are the mass of the rigid projectile, added mass, mass of body 1, mass of 
body 2, depth, gravitational force, water reaction force, spring stiffness, damp-
ing coefficient, and gravitational acceleration, respectively. c) cone diameter, 
half-angle, and height are 𝑑, 𝛽, and ℎ, respectively. The range of 𝛽 is 10° to 80°.

Table 1 
Cone dimensions and masses.
    Half angle (deg) ℎ𝑐𝑜𝑛𝑒 (mm)  Mass (g) 
  10  147.4  45.8  
  12  122.3  43.6  
  25  55.8  31.2  
  30  45.0  28.3  
  40  31.0  32.1  
  45  26.0  30.1  
  50  21.8  30.7  
  60  15.0  30.0  
  70  9.5  28.0  
  80  4.6  25.7  
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2.2.  Experimental procedure

Each sample was dropped at different heights, 𝐻 , using an electro-
magnet. The dropped samples were accelerated by gravity, as shown 
in Fig. 2a. The height was varied between 0.25 and 1.5 m to achieve 
impact velocity 𝑈0 ≈

√

2𝑔𝐻 ≈ 2.2 to 5.4 m/s, respectively. The bod-
ies were dropped into a round tank with internal dimensions of 895 
× 514 mm (𝐻tank ×𝐷tank). The wall effects were neglected since the 
ratio of the dropped body diameter, 𝑑, and the tank diameter, 𝐷tank, 
was 𝑑∕𝐷tank ≈ 1∕10 (Guo et al., 2020). Acceleration measurements were 
collected using enDAQ IMU, Model: S2000D40, which had triaxial ac-
celerometer with a sampling frequency of 4000 Hz, 8×10−5g resolution, 
and less than 0.01gRMS noise level. The IMU sampling rate is compara-
ble to studies reported in the literature (Sharker et al., 2019; Wu et al., 
2020).

It was necessary to estimate four non-dimensional numbers: the We-
ber number (𝑊 𝑒), Froude number (𝐹𝑟), Reynolds number (𝑅𝑒), and 
Bond number (𝐵𝑜) to understand the dominant hydro effects included 
in the analysis. They are defined as 𝑊 𝑒 = 𝜌𝑑𝑈2

0 ∕𝜎, 𝐹𝑟 = 𝑈0∕
√

𝑔𝑑, 𝑅𝑒 =
𝑈0𝑑∕𝜈, and, 𝐵𝑜 = 𝑊 𝑒∕𝐹𝑟2 = 𝜌𝑔𝑑2∕𝜎, where the water density is 𝜌 =
1000 kg m−3, surface tension of the air-water interface is 𝜎 = 70 × 10−3

Nm−1, gravitational constant is 𝑔 = 9.81 ms−2, kinematic viscosity is 
𝜈 = 10−6 m2 s−1 and characteristic diameter is 𝑑. The resulting ranges 
were 𝑊 𝑒 = 3.6 × 103 to 22 × 103, 𝐹𝑟 = 3.08 to 7.56, 𝑅𝑒 = 1.1 × 105 to 
2.8 × 105, and 𝐵𝑜 = 378.9. The high Weber number meant that the in-
ertia of the displaced water was much more significant than the surface 
tension forces, which could be neglected. The hydrostatic and viscous 
forces could not be neglected due to low 𝐹𝑟 and transition 𝑅𝑒, respec-
tively. The Bond number, which compares the strength of the surface 
tension to the gravitational forces, confirmed that the system was unaf-
fected by surface tension.

3.  Model development

This section details the unsteady-state semi-analytical model for esti-
mating the water impact forces for ten different half cone angles ranging 
from 10° to 80°, see Table 1. The objective of the model is to describe 
the effect of the cone angle on the spatial and temporal evolution of 
the hydrodynamic forces starting from the initiation of water impact to 
the air cavity collapse. The model was experimentally validated, where 
each experiment was repeated six times.

3.1.  Estimating impact forces

The model in this study includes the added mass effect, total drag, 
gravitational acceleration, and buoyancy but neglects surface tension 
effects due to a high Bond number; details are given in Section 2. The 
force balance thus becomes 
(𝑀 + 𝑚(𝑆))𝑆̈ + 𝐹𝑏 + 𝐹𝐶𝑑 = −𝐹𝑔 (1)

where 𝑀 , 𝑚, 𝑆, 𝐹𝑏, 𝐹𝐶𝑑 , and 𝐹𝑔 represent the mass of the object, the 
added mass, the depth of the cone, buoyancy force, drag force, and grav-
itational force, respectively. The gravitational and buoyancy forces are 
defined as;
𝐹𝑔 = 𝑀𝑔 (2)

Table 2 
Component masses. 
    Part  Mass (g) 
  Body  522.8  
  Linear bearing  34.3  
  Rigid piece  2.5  
  Firm spring  4.0  
  Soft spring  1.5  

𝐹𝑏 = 𝜌𝑔𝑉𝑠(𝑆) (3)

where 𝑔 and 𝜌 are the gravitational acceleration and density of the fluid, 
respectively. The submerged volume 𝑉𝑠(𝑆) is a function of the depth;
𝑉𝑠(𝑆) = 𝜋 tan 𝛽2×

⎧

⎪

⎨

⎪

⎩

1
3𝑆

3 0 ≤ 𝑆 < ℎ𝑐𝑜𝑛𝑒
𝑆ℎ2𝑐𝑜𝑛𝑒 −

2
3ℎ

3
𝑐𝑜𝑛𝑒 ℎ𝑐𝑜𝑛𝑒 ≤ 𝑆 < ℎ𝑐𝑜𝑛𝑒 + ℎ𝑏𝑜𝑑𝑦

ℎ𝑏𝑜𝑑𝑦ℎ2𝑐𝑜𝑛𝑒 −
2
3ℎ

3
𝑐𝑜𝑛𝑒 𝑆 ≥ ℎ𝑐𝑜𝑛𝑒 + ℎ𝑏𝑜𝑑𝑦

(4)

where 𝛽, ℎ𝑐𝑜𝑛𝑒, and ℎ𝑏𝑜𝑑𝑦 are the half cone angle and the height of the 
cone and the body, respectively. The drag coefficient estimation incor-
porates both steady-state and unsteady-state components. The unsteady-
state drag coefficient is based on the change in added mass;
𝐹𝐶𝑑 =

𝜌
2
𝐶𝑑 (𝑆)𝐴𝑏(𝑆)𝑆̇2 (5)

where,

𝐶𝑑 (𝑆) = 𝐶𝑑𝑠 + 𝐶𝑑𝑢 = 𝐶𝑑𝑠 +
2

𝜌𝐴𝑏(𝑆)
𝑑𝑚
𝑑𝑆

(6)

where 𝐶𝑑𝑠 and 𝐴𝑏(𝑆) are steady state drag coefficient and the cone pro-
jected surface as a function of the depth 𝑆. The first term in Eq.  (1) 
represents the inertia term, which depends on the acceleration of the 
mass and the projectile’s added mass. Baldwin (1971) and Vincent et al. 
(2018) found the largest change in the added mass peaks before the full 
cone submersion. Therefore, the parameter 𝐿𝑝, is defined as the depth 
at peak acceleration. The added mass before 𝐿𝑝 was classically defined 
by Shiffman and Spencer (1951), while the mass evolution beyond 𝐿𝑝 is 
based on the work of Baldwin (1971). The evolution of the added mass 
is therefore defined as; 
𝑚(𝑆) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜌𝐾
(

𝑑
2

)3
= 𝜌𝐾(𝑆 tan(𝛽))3 = 𝜌𝜅𝑆3, 𝑆 < 𝐿𝑝

6
𝜏2
𝜌𝜅𝐿3

𝑝

⎛

⎜

⎜

⎝

1 − 𝑒
−𝜏

√

𝑆
𝐿𝑝

−1
(

𝜏
√

𝑆
𝐿𝑝

− 1 + 1
)

⎞

⎟

⎟

⎠

, 𝑆 > 𝐿𝑝

(7)

where 𝐾 is the added mass coefficient. We also introduce 𝜅 = 𝐾 tan 𝛽3

as geometric mass coefficient, which combines the geometric and added 
mass coefficients to express the equation in terms of 𝑆. The parameter 
𝜏 defines the added mass stabilization rate to its steady-state value. For 
completeness, the change in added mass can be obtained by taking the 
mass derivative with respect to 𝑆: 

𝑑𝑚
𝑑𝑆

=

⎧

⎪

⎨

⎪

⎩

3𝜌𝜅𝑆2 𝑆 < 𝐿𝑝

3𝜌𝜅𝐿3
𝑝𝑒

−𝜏
√

𝑆
𝐿𝑝

−1
𝑆 > 𝐿𝑝

(8)

To calibrate the model, a regression procedure is performed for vari-
ables 𝜅, 𝐿𝑝, and 𝜏 to achieve the best curve fit for the experimental data. 
See Appendix A for more details.

3.2.  Dynamics model

The water impact forces of segmented bodies connected by springs 
can be estimated using nonlinear ordinary differential equations. The 
model can be applied to a multi degree-of-freedom system because all 
external force parameters are functions of the position and velocity of 
the cone. We assume that the water can only exert forces on the cone 
since this is the only part that touches the water due to the air cavity 
around the body, as shown in Fig. 7a. Therefore, the equation of motion 
of the two bodies can be written as: 
𝑚1𝑥̈ + 𝑐(𝑥̇ − 𝑆̇) + 𝑘(𝑥 − 𝑆) = 𝐹𝑔1

𝑀2𝑆̈ + 𝑐(𝑆̇ − 𝑥̇) + 𝑘(𝑆 − 𝑥) + 𝐹𝑐𝑑 + 𝐹𝑏 = 𝐹𝑔2
(9)

where 𝑥 is the positions of the body and cone, see Fig. 2. Furthermore, 𝑐
and 𝑘 are the damping coefficient and spring stiffness. This formulation
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Fig. 3. a) Highlights three important events during impact: i) 𝑡 = 0 initial im-
pact; ii) 𝑡max time of maximal force; and iii) 𝑡𝑝 Pinch-off, the point where the 
cavity collapses. b) Shows the evolution of the forces acting on the rear body. 
Test cases are for rigid and firm, and soft sprung bodies with spring constants = 
7.8 and 1.7 N/mm, respectively. The time stamps of the three impact events are 
divided by the dotted lines. The highlighted test corresponds to a half-cone angle 
of 60°at an impact speed of 4.4 m/s. The maximum force measurements for the 
rigid, firm, and soft configurations were 55.3 ± 1.5 N at 3.1 ± 0.1 ms, 35.6 ± 0.6
N at 9.0 ± 0.1 ms, and 28.2 ± 2.9 N at 8.1 ± 1.6 ms, respectively.

maintains the same functions for 𝐹𝐶𝑑 and 𝐹𝑏 as Eqs. (5) and (3), respec-
tively. 𝐹𝑔1 and 𝐹𝑔2 are the gravitational forces of the body and head 
masses 𝑚1 and 𝑚2, respectively.

The importance of the formulation Eq. (9) is that it accurately esti-
mates the projectile dynamics, since it captures the temporal evolution 
of the hydrodynamic mass, damping, and stiffness, starting from the 
initiation of impact. Therefore, the hydrodynamic coefficients must be 
updated for every time step. This is because during an unsteady con-
dition, the projectile velocity changes, and subsequently, the impact 
forces change. The hydrodynamic damping and stiffness forces ramp up 
while oscillating over time, followed by fluctuating decay. For example, 
the buoyancy force oscillates due to compression and stretching of the 
projectile volume in response to spring oscillations. Similarly, the drag 
force experiences periodic decay due to the harmonic velocity response 
as a consequence of the compression and extension of the spring. The 
added mass experiences similar fluctuating dynamics. From an energy 
perspective, a detailed discussion of oscillatory behaviors is provided in 
Section 4.2.

4.  Results and discussion

4.1.  Impact characteristics and limitations

The impact of the conical body has three points of interest during 
water entry: i) initial impact at 𝑡 = 0+; ii) followed by maximum de-
celeration of the body at 𝑡max; and iii) pinch-off at 𝑡𝑝, the point where 
the cavity collapses, as shown in Fig. 3. At initial impact, the projectile 
reaches the maximum kinetic energy, which is consequently reduced 
by the drag forces during water entry. The maximal force to the body 
is highest before full cone submersion for rigid projectiles and changes 
with cone angle. The body peak forces in the sprung projectiles can be 
delayed by reducing the spring stiffness, see Fig. 3. The forces after the 
peak decay to a steady state until pinch-off.

Fig. 4 The slamming forces are presented for blunt cones with half-
angles 25, 45, and 80° during impacts for rigid samples. Sharper cones 
with half-angles less than 25° do not experience such large initial slam-
ming forces; instead, they exhibit a gradual increase in force upon en-
tering the water until reaching a steady state at the water entry speeds 
tested. Additionally, it can be seen that increasing velocity amplifies the 
impact force and shortens the time to peak force. When comparing rigid 
and sprung impacts, the impact force on the body is drastically reduced 
in most cases and stretched over time. It can be seen that the impact of 
the 25° increase in peak force.

4.2.  Energy flow in the system

The model developed in Section 3.1 was utilized to calculate the 
energy flow and distribution in solid bodies. The energy flow is defined 
as the change in the energy over the water penetration depth. The energy 
experienced by the system consists of:

𝐸0 =
1
2
𝑚𝑈2

0 , where 𝑚 = 𝑚1 + 𝑚2 (10)

𝐸𝑟𝑖𝑔𝑖𝑑 = 1
2
𝑚𝑆̇2 (11)

𝐸𝑠𝑝𝑟𝑢𝑛𝑔 = 𝐸𝑘 + 𝐸𝑝

= 1
2
(𝑚1𝑥̇

2
1 + 𝑚2𝑆̇

2 + 𝑘(𝑥1 − 𝑆)2)
(12)

Δ𝐸 = 𝐸𝑠𝑝𝑟𝑢𝑛𝑔 − 𝐸𝑟𝑖𝑔𝑖𝑑 (13)

where, 𝐸0, 𝐸𝑟𝑖𝑔𝑖𝑑 , and 𝐸𝑠𝑝𝑟𝑢𝑛𝑔 are the initial energy at impact, 𝑡 = 0+, 
and total energy for the rigid and sprung systems, respectively. To com-
pare the energy of the rigid and segmented projectiles, Δ𝐸 is calculated 
as the difference between 𝐸𝑟𝑖𝑔𝑖𝑑 , and 𝐸𝑠𝑝𝑟𝑢𝑛𝑔 . 𝐸𝑠𝑝𝑟𝑢𝑛𝑔 is the sum of the 
kinetic energy due to the projectile inertia and the potential energy of 
the spring required to restore the system back to equilibrium. It was as-
sumed that the potential energy due to buoyancy for the rigid and the 
sprung cases were equal, due to having the same volume. Therefore, 
the buoyancy effects were omitted from Eq.  (12). Fig. 5 illustrates the 
energy flow in the system, normalized by 𝐸0, as a function of depth for 
25°, and 80° cases with and without springs. These two extreme cone 
angles were chosen to provide a succinct discussion of the most effi-
cient and least efficient angles for water entry, which were 25°, and 80°,
respectively.

The energy shown in Fig. 5a is calculated from depth starting at im-
pact 𝑆 = 0.0 to 𝑆 = 0.3 until the whole body is submerged. From depth 
𝑆 = 0.0 to 𝑆 = 𝐿𝑝, at peak acceleration, it can be observed that the en-
ergy dissipates significantly faster for a projectile with blunt angles than 
sharp ones, see 𝛽 = 80°, and 25°. The drop in the total energy for the 
rigid and sprung projectiles at peak force are 15% and 7%, respectively. 
Hence, projectiles with the 25° head continue accelerating for the rigid 
and sprung systems at initial impact. This is because the gravitational 
force is higher than the drag.

After 𝑆 = 𝐿𝑝 is reached, the total energy decreases linearly for the 
rigid projectiles regardless of head angle size, see Fig. 5a. However, the 
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Fig. 4. Impact forces of half cone angles 25°, 45°, and 80° at impact velocities 
4.4 m/s for rigid and soft spring.

total energy drops fluctuate harmonically for sprung systems with large 
𝛽 when they exceed the peak acceleration depth, 𝑆 > 𝐿𝑝. These fluctua-
tions are compared with the rigid cases in Fig. 5b by showing Δ𝐸∕𝐸0 as 
a function of the depth, 𝑆. A positive Δ𝐸∕𝐸0 means that a sprung system 
has retained more energy than the rigid one at the same depth. The en-
ergy fluctuation amplitudes for the sprung projectile with 80° cone are 
significantly higher than those with 25° cone regardless of the spring 
stiffness. Thus, introducing springs into a sharp cone projectile does not 
appear to have a significant effect on the energy flow. The maximum 
Δ𝐸 for 80° with firm and soft springs are 15% and 13% higher than 
those for 25°, respectively (Fig. 5b). The energy fluctuations in the sys-
tem are higher for the 𝛽 = 80° than the cone angles of 25° due to the 
higher impulse force, see Fig. 6; therefore, the spring can absorb more 
energy and reduce the peak force more effectively.

Fig. 5c and d show the evolution of the kinetic and potential energy, 
respectively, as a function of depth for rigid and sprung projectiles with 
25°, and 80° nose angles. The potential energy could be thought of as the 
kinetic energy that can be stored in the spring as a function of its com-

pressive stiffness. One of the most important observations in the energy 
analysis is the asymmetric fluctuations in both the kinetic and poten-
tial energy of all sprung systems. The asymmetric decay is attributed to 
the simultaneous energy transfer between kinetic and potential, while 
energy losses are experienced as a result of drag. When the spring is 
compressed, the body length shortens, and its absolute velocity becomes 
lower than that of the rigid case, reducing drag forces.

In contrast, the spring extension stretches the body length, causing 
an increase in the drag forces. This explains the time lag in energy losses, 
which would not have been possible if we assumed constant velocity 
during water entry for segmented bodies, as suggested by recent stud-
ies. Therefore, the change in velocity, even for a short period, cannot be 

Fig. 5. The energy flow of two cone angles and the three stiffnesses are shown. 
a) shows the total energy in the system from the initiation of water impact until 
full submerging. b) is the energy difference between the rigid and the sprung 
cases; here, a positive value means that less energy is dissipated in the sprung 
system compared to its rigid counterpart and vice versa. c) and d) are the kinetic 
and potential energy, respectively. The energy in all plots is normalized by the 
initial energy 𝐸0, i.e. at depth 𝑆 = 0.0. The solid and dashed gray vertical lines 
are the 𝐿𝑝 of 80°, and 25°, respectively. Note that the three lines corresponding 
to a half cone angle of 25° are very similar and overlap in subfigures a and c, 
but exhibit more noticeable differences in subfigures b and d.
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Fig. 6. Impulse of water entry as a function of the initial velocity for different 
cone angles and spring stiffnesses. The blue, orange, and green colors represent 
the rigid, firm, and soft springs, respectively. The solid, dashed, and dotted lines 
are the model results for 𝛽= 80°, 60°, and 45°, respectively. The triangle, star, 
and circle markers are calculated from the experiments for 𝛽= 80°, 60°, and 
45°, respectively.

ignored for a high acceleration event since the drag force is constant. 
For completeness, it is worth mentioning that internal mechanical fric-
tion forces between the head and the body existed and contributed to 
energy losses. To this end, it was necessary to estimate the efficiency 
of an impulse to approximate the energy losses in the system, which is 
discussed in Section 4.4.

These findings are characteristic of the entire cone angle range. 
Cones with half-angles of 25° and below do not exhibit large changes 
in energy fluctuation compared to their rigid counterparts. The effect of 
the spring becomes more pronounced as the cone angle becomes blunter, 
as shown in Section 4.3.

4.3.  Head shape and body stiffness influence on impact forces

The force coefficient of the body is calculated as the maximal acceler-
ation times the mass of the body, expressed as 𝐶 = 𝑚1𝑥̈1∕((𝜌𝐴𝑚𝑎𝑥𝑈2

0 )∕2), 
which is a simplified measure of the drag coefficient over time during 
impact normalized by the projected area (A), weight and velocity of the 
projectile. Furthermore, the force coefficient of the head is defined dif-
ferently, since the forces act on it in two directions. The impact forces 
are induced from below, while the spring and damping forces act from 
above. Therefore, the force coefficient is calculated as follows: 

𝐶 =
𝑚2𝑥̈2 − 𝑘(𝑥2 − 𝑥1) − 𝑐(𝑥̇2 − 𝑥̇1)

(𝜌𝐴𝑚𝑎𝑥𝑈2
0 )∕2

(14)

This formulation determines the change in the effect of the impact forces 
on the head.

The evolution of forces predicted by the analytical model, Eq.  (9), 
agrees well with the experimental results. Fig. 7 shows the normalized 
maximal force coefficient and normalized time at peak impact 𝑡∗max ver-
sus normalized natural frequency 𝜔0ℎ𝑐𝑜𝑛𝑒∕𝑈0 for 𝛽 = 45°, 60°, and 80° 
cases. The maximal force coefficient 𝐶max is normalized by 𝐶𝑟𝑖𝑔𝑖𝑑 . Con-
trary to the rigid projectile, the force coefficient is not constant over 
the impact velocity. This is due to the internal dynamics of the entering 
body since the spring system response is a function of the excitation fre-
quency, i.e., the impact velocity. This is also different for the head and 
the projectile’s body since they experience different forces and have dif-
ferent masses.

In this study, the eigenfrequency is normalized with ℎ∕𝑈0, which is 
approximately the impulse frequency. The maximal force coefficient de-
creases with lower impact velocity or softer springs. Similarly, in Fig. 7b, 
it can be observed that 𝑡∗max increases with decreasing eigenfrequency or 
increasing impact velocity. Fig. 7c and d show that 𝑡∗max is similar and 
experiences only a slight peak force before the rigid case. However, the 
shape still dominates the maximal force coefficient; see Fig. 7c. Although 
there is a similar trend, the magnitude of the response differs greatly. 
The nose force coefficient is lower for low 𝜔0ℎ∕𝑈0 compared to the rigid 
case. It can be observed that the effect of a higher nose angle is greater 
than that of sharp cones.

4.4.  Impulse

The impulse, 𝐼 , was utilized to estimate impact efficiencies of projec-
tiles with three different half angles, 𝛽 = [45°, 60°, 80°], and three levels 
of stiffness, rigid, firm, and soft. The impulse, 𝐼 , is quantified by evalu-
ating the change in momentum throughout the impact, 𝑡. The impulse 
is considered an adequate approximation of the energy losses in the 
system due to impact (Cooker and Peregrine, 1995). The acceleration 
measurements were utilized to calculate 𝐼 using the following integral: 

𝐼 = ∫

𝑡𝑠

0
𝐹𝑑𝑡 = ∫

𝑡𝑠

0
𝑚1𝑥̈1𝑑𝑡 (15)

Fig. 7. a,c) Show the maximal force coefficient 𝐶max normalized by the rigid 
body drag 𝐶𝑟𝑖𝑔𝑖𝑑 for the body and the head, respectively. b,d) Show the normal-
ized time to maximal impact over the normalized eigenfrequency. The gray lines 
are the time to impact for the rigid systems with the relevant angle. The markers 
with the error bars are the experimental results for the sprung projectiles.

Ocean Engineering 339 (2025) 121655 

7 



Boom et al.

where 𝑡𝑠 is set to 100 ms. This specific time duration is selected because 
the vibrations have attenuated beyond this point and both the rigid and 
spring cases have reached a steady state. The resulting impulse values 
are depicted in Fig. 6. It is evident from the experimental (lines) and 
modeling (markers) results in the figure that the impulses experienced 
by the sprung projectiles are consistently lower than those for the rigid 
case. This insignificant finding indicates that integrating spring elements 
into a projectile does not alter the total impact efficiency. The impulse 
is weakly quadratic; as expected, the blunt angles experienced higher 
impulses than the sharp cones.

5.  Conclusion

This work illustrates the importance of tuning both geometry and 
stiffness for water entry. The experimental and modeling results showed 
that the cone angle was an important tuning parameter for mitigating 
water-slamming forces, even with the introduction of a spring. As pre-
dicted, blunt cones experienced higher slamming forces compared to 
sharp angles, with the maximal impact force being 20 times higher for 
a cone angle of 25° than for a cone with an 80° angle. The energy flow 
analyses showed that blunter cones dissipate energy faster than sharp 
ones due to their high drag, while sharp cone designs conserved energy, 
which resulted in prolonged accelerations. However, significant slam-
ming force reductions up to 80% were achieved when spring compli-
ance was added to a blunt-cone body. Adding a spring in a water-entry 
system was key for delaying energy dissipation and reducing peak forces 
simultaneously. The spring provided harmonic energy buffering due to 
the oscillatory fluctuations between the potential and kinetic energy, 
which could be controlled by tuning the stiffness. The energy fluctu-
ations were especially pronounced in blunt cones, where the impulse 
forces were higher than in sharp ones. The intentional integration of 
compliance into a water-entry body has great promise in providing en-
gineers with a cost-effective tuning parameter besides head geometry, 
which may be constrained by external factors, to passively control the 
transmission of the forces and energy in the body during high veloc-
ity impact. The findings can be extended to off-shore infrastructures or 
mechanical systems exposed to violent wave slamming.
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Appendix A.  Model parameters estimation

To estimate 𝐶𝑑𝑠, 𝐿𝑝∕ℎ, 𝜅, and 𝜏, least squares regression is applied 
using simulated and experimental data. The continuous relationships for 
these parameters as a function of the cone angle, 𝛽, can be expressed as
𝐶𝑑𝑠 = 𝑎𝛽3 + 𝑏𝛽2 + 𝑐𝛽 + 𝑑 (A.1)

𝐿𝑝∕ℎ = 𝑎𝛽2 + 𝑏𝛽 + 𝑐 (A.2)

𝜅 = (𝑎𝛽2 + 𝑏𝛽 + 𝑐)(tan 𝛽)3 (A.3)

𝜏 = 𝑎𝛽2 + 𝑏𝛽 + 𝑐 (A.4)

where 𝑎, 𝑏, 𝑐, and 𝑑 are fitting coefficients given in Table A.2. This results 
in a continuous model over the full range of cone angles. The steady-
state coefficient of drag 𝐶𝑑𝑠 estimation approach by Baldwin (1971) is 
utilized for curve fitting using third-order polynomial, as expressed in 
Eq. (A.1) and Table A.2. The least squares cost function is the difference 
between the model and simulated data of all trials for a specific cone 
shape. For example, the residuals between the simulations for all heights 
are compared with all data trials. The optimal estimates for 𝐿𝑝, 𝜅, and 𝜏

Fig. A.1. Estimating the model parameters by applying least square fitting. The 
markers and dotted curves are the results from the optimization and the fitted 
estimations, respectively. a) shows the submerged cone depth at peak accelera-
tion, b) the added mass geometric parameter 𝜅, and c) the decay variable 𝜏.
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Table A.1 
Comparison data and model for all cone angles for rigid impact an normalized maximal drag coefficient is used and for the sprung case we compare 
the impact velocity of 4.4 m/s since the maximal drag coefficient changes with impact speed, see Fig. 7. 

 Rigid  Firm  Soft
𝐶max 𝑡max 𝐶max 𝑡max 𝐶max 𝑡max
 Data  Model  Data  Model  Data  Model  Data  Model  Data  Model  Data  Model

 10  0.20±0.01  0.21  0.898±0.030  0.83  –  0.33  –  1.04  –  0.34  –  1.16
 12  0.27±0.11  0.38  0.79±0.00  0.829  –  0.36  –  1.01  –  0.39  –  1.20
 25  0.40±0.01  0.58  0.85±0.01  0.82  –  0.73  –  1.18  0.71±0.10  0.58  1.54±0.28  1.71
 30  0.53±0.02  0.68  0.85±0.01  0.81  –  0.86  –  1.27  –  0.62  –  2.02
 40  0.92±0.02  1.07  0.93±0.02  0.83  –  1.04  –  1.62  –  0.81  –  2.45
 45  1.26±0.03  1.36  0.85±0.05  0.85  –  1.16  –  1.79  0.99±0.043  0.68  3.54±0.15  2.99
 50  1.59±0.12  1.76  0.89± 0.02  0.87  –  1.32  –  1.99  –  0.85  –  3.48
 60  2.93±0.34  3.05  0.89±0.05  0.92  1.70±0.07  1.58  2.54±0.13  2.69  1.34±0.21  1.00  2.46±0.69  4.82
 70  4.25±0.52  5.91  0.77±0.11  0.98  –  2.07  –  3.90  –  1.23  –  7.04
 80  7.93±0.82  14.92  1.04±0.08  1.07  1.67±0.03  1.54  13.93±0.50  13.22  2.28±0.09  2.79  6.53±0.72  7.36

Fig. A.2. Comparison between the model, data from Baldwin (1971) and the 
experimental data from this study for; a) the maximum drag coefficient 𝐶max =
𝐹max∕((𝜌𝐴𝑈 2

0 )∕2), and the non-dimentionalized time at peak acceleration 𝑡∗max =
𝑡max∕(ℎ∕𝑈0).

are found by minimizing that residual. This leads to a set of parameters 
for each angle tested, as shown by the markers in Fig. A.1.

The maximal drag coefficient and the time to maximal acceleration 
correspond well with the collected data see Fig. A.2. Additionally, the 
maximal drag coefficient is compared to data from Baldwin (1971) and 
is shown to correspond well with the model. The accuracy of the model 
is also evaluated in Table A.1

A.1.  Eigenfrequency calculation

The eigenfrequency can be utilized to normalize the results in Sec-
tion 4. Note that this is the damped resonant frequency since the damp-
ing and the nonlinear effects are neglected. Calculating the eigenfre-
quency of the two DoFs undamped homogeneous linear system can be 
achieved by omitting the nonlinear terms and damping. The procedure 

Table A.2 
Fitting coefficients found by the least square optimization pro-
cedure to estimate the model parameters: 𝐶𝑑𝑠, 𝐿𝑝∕ℎ, 𝜅, and 𝜏. 

𝐶𝑑𝑠 𝐿𝑝∕ℎ 𝜅 𝜏

 a 3.4 × 10−2 7.80 × 10−5 8.17 × 10−5 3.67 × 10−4

 b −2.7 × 10−1 −3.77 × 10−3 8.38 × 10−3 −5.19 × 10−3

 c 8.5 × 10−1 8.63 × 10−1 1.21 × 10−1 8.92 × 10−1

 d −3.8 × 10−2  –  –  –

can be found in most vibration textbooks (Meirovitch, 2000).
𝑑𝑒𝑡([𝐾 − 𝜔2𝑀]) = 0 (A.5)

𝑚1𝑚2𝜔
4 − 𝑘𝑚2𝜔

2 − 𝑘𝑚1𝜔
2 = 0 (A.6)

The only acceptable solution is given by the following equation 

𝜔0 =

√

𝑘𝑚1𝑚2(𝑚1 + 𝑚2)
𝑚1𝑚2

(A.7)
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