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Abstract: Diving consists of jumping into water from a platform, usually while performing
acrobatics. During high diving competitions, the initial height reaches 27 m. From this height, the
crossing of the water surface occurs at 85 km/h, and as such it is very technical to avoid injuries.
Major risks occur due to the violent impact at the water entry and the formation and collapse of the
air cavity around the diver. In this study, we investigate experimentally the dynamics of the jumper
underwater and the hydrodynamic causes of injuries in high dives by monitoring dives from
different heights with high-speed cameras and accelerometers in order to understand the physics
underlying diving.

Keywords: sports hydrodynamics; cliff diving; injuries; water entry; air cavity

1. Introduction

Diving consists of falling or jumping through air into water from a platform, usually while
performing acrobatics. During high diving competitions, the initial height reaches 27 m. From this
height, the crossing of the water surface occurs at 85 km/h and as such it is very technical to avoid
injuries [1-5]. Major risks occur from the violent impact at the water entry and the formation and
collapse of the air cavity around the diver, if his body is not perfectly vertical and stiffened [6,7]. For
Olympic competitions, the initial heights are 1, 3 or 10 m. In these cases, the athletes can enter the
water with their arms forwards [8]. In a high dive, athletes always enter feet first and are limited to
less than ten dives a day to avoid injury. It is well known among them that a transition occurs at 14
m, the height at which diving arms first becomes dangerous. Finally, the maximal height from which
an athlete can jump into water without injury (feet first) is 58 m.

In this study, we investigate experimentally the dynamics of the jumper underwater and the
hydrodynamic causes of injuries in a high dive, by monitoring one male top-level cliff diver, jumping
from different heights during his habitual training with high-speed cameras both in air and
underwater and with an accelerometer fixed on his body. The final goal of this work is to better
understand the physics underlying high cliff diving as inspired by the studies of the water entry of
projectiles [9-11] and to be able to protect divers by monitoring their dives with embedded sensors
or by designing safety gear.

Proceedings 2020, 49, 73; doi:10.3390/proceedings2020049073 www.mdpi.com/journal/proceedings



Proceedings 2020, 49, 73 20f6

2. Materials and Methods

Several dives were executed by a professional diver (1 m72, 70 kg) during a summer training
session in the RedBull park Area 47 in Austria. The diving platform has several stages ranging from
0.7 to 27 m, which enables us to vary the speed impact at the water entry. Each dive was monitored
with an accelerometer acquired at 100 Hz inserted in the diver’s suit, on his chest (Figure 1a top) and
two high-speed cameras (1000 fps): one recording the trajectory of the diver in air and the other
immersed 3-m deep in a waterproof box (Figure 1a bottom), designed to observe the diver’s trajectory
underwater.
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Figure 1. (a) Experimental setup: an accelerometer is inserted in the suit of the diver (top), and a high-

time (s)

speed camera is immersed at 3-m deep in a waterproof box to record the underwater trajectory
(bottom); (b) Colored chronophotograph of the jump: time elapses from light blue to green, with a
timestep of 0.2 s between two images; (c) Evolution of the horizontal (x) and vertical downward (z)
positions and vertical velocity (vz) in function of time. The origins of time and positions are taken at
the beginning of the jump for the aerial part.

3. Results

3.1. Trajectory of the Diver in Air —High-Speed Camera 1

Figure 1b exhibits a colored chronophotograph of a 10 m-high dive: the first phase of the jump
is the impulsion. The diver bends his legs (his center of mass moves down of approximately 40 cm)
and pushes on the platform in order to jump as high as possible (approximately 70 cm upwards) and
to move forward, far from the platform. He first rolls into a ball and then stretch his body in order to
impact water as rigid, slender and aligned as possible. The whole jump lasts 2.55 s and the fall from
the take-off until the water entry lasts 1.75 s. The trajectory of the center of mass is extracted from the
video and enables us to plot the time-evolution of the vertical (z) and horizontal (x) positions and to
calculate the vertical velocity (vz). After the end of the impulsion (t = 0.8 s), one observes a quadratic
evolution of the vertical position and, after reaching the maximal height (t = 1.1 s), a linear increase
of the vertical speed during the fall, with confirms the ballistic movement of the center of mass.

3.2. Trajectory of the Diver in Water — High-Speed Camera 2

The following of the trajectory begins when the feet impacts the water. It can be observed in
Figure 2 that the diver’s body goes on downwards but decelerates. The forces undergone by the diver
at the origin of both the deceleration and risks of injury are discussed in Section 4.3. On the
chronophotograph of the water entry (Figure 2a), one notes the presence of a cavity due to the air
entrainment by the feet crossing the air-water interface, which then collapse onto the diver.



Proceedings 2020, 49, 73 30f6

16

14} 4 00 ¢ vertical underwater speed v, (m/s)
9 O vertical underwater position z (m)

o
o ¢
00

o"ooo

12

10 o0

o
0000000

L)

o
00000
00000°°°°°o
o ©O
oo©°

N

00 ©©°

o

0 0.05 0.1 0.15 0.2 0.25
time (s)

(a) (b)

Figure 2. Trajectory of the diver’s center of mass in water for the same 10-m high dive: (a)
Chronophotograph of the water entry. The timestep is 40 ms. (b) Time evolution of the downward
vertical position (z) and speed (vz) underwater. The origins of time and position are taken upon the

feet impact on water for the underwater phase.

3.3. Acceleration of the Diver

Figure 3 shows the accelerometer data obtained during the same 10-m high dive. Again, one
observes three phases. First the diver bends his legs: the vertical acceleration (-az), becomes negative
and then increases and becomes positive again when he pushes on the platform, and takes off. After,
he reaches the maximal height and is only submitted to the gravity field (g) modulo fluctuation,
probably due to the movements and deformation of the body. After 2.55 s, the feet impact the water
surface and create an intense peak (6.9 g) of acceleration corresponding to the upwards force suffered
by the diver. This peak is followed by a series of other peaks and oscillations corresponding to the
collapse of the air cavity surrounding the diver. The goal of the following section is to understand
the observed dynamics and deduce the forces suffered by the diver during the water entry and the

injury risks.
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Figure 3. Time evolution of the acceleration of the diver during the whole dive (aerial and
underwater) in the three direction: vertical (-a,), forward (ay) and lateral (ay). Time origin is taken at
the beginning of the impulsion. The measured vertical acceleration is orientated upwards (gravity g

downwards).
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4, Discussion

4.1. Impulsion

It is interesting to characterize precisely the impulsion of the diver as the maximal height reached
during this phase will set the velocity at the water entry [8]. This maximal height reached can be first
accessed thanks to the video recording of the trajectory in air. One measure is that the diver lowers
his center of mass of approximately z, — Zpen = 40 cm, when he bends his legs and then rises it up
of Zymax = Zpene = 70 cm, finally increasing the maximal height of z,,,,, — zo = 30 cm from the initial
position. To recover these results with only the accelerometer data, one can consider the vertical
acceleration occurring during the impulsion as a linear increase with a slope equal to « = 5.9 g and
during t, = 0.42 s. By integrating this acceleration signal -a, = at, one gets a variation of vertical
position z, — Zpen = at3/6 and finally a value of Zpuy = Zpens = 71 cm, which is in good
agreement with the previous observations.

4.2. Free Fall in Air

From this initial height Hpa = H+ Zpmax — Zo, one would like to determine the velocity
reached by the diver when he reaches the water surface. As suggested by the measurements exposed
in Section 3.1, the trajectory in air is ballistics. Indeed, one can evaluate the typical drag force exerted
on the diver, which is opposed to his displacement Fj, = %p air S Cp vi= 4 N (where p,, =
1.2 kg/m3 is the air density, S =~ 0.16 m?, the cross section of the diver and Cp, = 0.2, his drag
coefficient) and compare it to the weight of the diver Mg = 686 N. One can thus neglect the
aerodynamical effect during the dive, and finally obtain a free fall. The velocity reached just before
hitting the water (Uy) is thus immediately given by the maximal height reached by the diver: U, =
(2gHpmax)?. Figure 4 shows the experimental velocities measured at the water entry for several
dives from different platform heights H, ranging from 0.7 to 27 m and the predicted ones, taking into
account the initial rise of 30 cm due to the impulsion.
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Figure 4. (a) Velocity of the diver at the water entry. Open circles show the experimental values for
several dives from different platform heights H, ranging from 0.7 to 27 m and the solid line gives the
predicted value Uy = (2gH,pqx)?. (b) Evolution of the underwater speed (U) with the vertical
position (z). Red diamonds show experimental points and the line represents the fit of the theoretical
expression given by Equation (1). (c) Force undergone by the diver underwater in function of time,
for three different initial heights H=15, 10 and 27 m, calculated from Equation (2).

4.3. Water Entry

Knowing the initial velocity at the water entry, one has now to understand the dynamics of the
diver underwater [11]. The forces undergone by the diver are:

e the weight, Mg = 0.7 kN
Vy; g = 0.7 kN, with p

_ 997kg

Pbody __ 0.9
water ~  m3 -

and —=
Pbody Pwater

e the buoyancy, p

and V; =

water

e the hydrodynamic drag F, = %p S Cp U? = 32kN

water
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e  the added mass force M, [Z—It], corresponding to the fact that the diver has to accelerate forward a

mass of water to go further. The added mass expression is given by the formula for a discus
M, = D3/6 =~ 21 kg, which is approximately a third of the diver’s mass.

pwater
These orders of magnitude allow us to neglect the weight and buoyancy (acting in reverse

directions and approximately equals, once the full body is immersed) to focus on the dominant drag
and added mass effects. The equation of motion of the diver can then be written as follows:

au 1
M+M) == 5Pyater 5 Co u? @
2 2
and rewritten in function of z: % =— ZIL] , and easily solved as: U(z) = Uyexp(—z/L), with L =
pz(M;SM‘Z) ~ 6 m a characteristic length, which represents the typical deceleration distance. Figure
water® “D

4b shows a good agreement between the experimental evolution of the underwater velocity with the
position and the fit of the exponential prediction for an initial speed U, = 14.2 m/s and a
characteristic length L = 5.9 m. With a qualitative validation of the equations used to describe the
dynamics of the diver, we can use it to predict the force undergone by the diver when he enters into
water [12], which opposes his motion:

du

F=M, —+

dt Epwater S Cp U? @)

This force is plotted in function of time for three different initial dive heights on Figure 4c. One
can note that the maximal force (F,4,) occurs at the beginning, when the feet first hit the interface,
and increases for a greater initial speed: F,,, = 2,3 and 8.5 kN respectively for H=5, 10 and 27 m.
With such impact forces, one can easily understand that a high dive (H = 27 m) can turn very
dangerous if the impact is not well prepared.

4.4. Air Cavity Underwater

In addition to the impact force felt by the diver, another risk of pain comes from the collapse of
the air cavity formed when the diver crosses the interface. Accelerometer data show that high
accelerations occur when the cavity collapses and during experiments, and the diver complained
about a neck pain during the water entry of a 27-m high dive. Figure 5 shows air cavities just at the
moment of collapse for various initial dive heights from 1.7 to 27 m. One can see that the size (both
length and radius) of the cavity increases with the initial height and at 27 m, the cavity collapses on
the diver’s neck. The collapse of these cavities has to be further investigated by equipping divers with
pressure sensors and understanding the shapes of the collapsing cavities observed [13].

Figure 5. Pictures of air cavities taken at the moment of collapse for dives from several initial heights:
1.7, 3, 5,10, 14, 20 and 27 m (from left to right).
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4. Conclusions

In this study, we focused on the dynamics of the high dive and its three phases: impulsion, free
fall in air and underwater deceleration. By analyzing experimental data from two high speed cameras
(in air and in water) and one accelerometer, we managed to predict the value of the force suffered by
the diver when he impacts the water surface, namely the values of hydrodynamic drag and added
mass effects. The perspectives of this study are to design embedded sensors able to automatically
provide these forces to the divers in order to monitor their training, provide understanding around
the risks they run and prepare them through appropriate muscular training.
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