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1 Introduction

Performance in competitive swimming relies in part on the
propulsive force that swimmers can generate. This force is
mainly provided by arm movements [1]. Pioneering work
in the evaluation of swimmer-generated forces is based on
a quasi-static approach. The underlying assumption of this
approach is that the kinematic parameters of the flow (in par-
ticular velocity and angle of attack) do not vary over time.
However, it has now been demonstrated that the flow is un-
steady [2–4]. It is therefore necessary to assess the flow from
unsteady modelling. In recent years, devices and knowledge
have been developed in ways that make such studies feasi-
ble. Our experimental and numerical studies carried out at
the Prime Institute fall within this framework. The emphasis
is on measurements of the propulsive force of the swimmers’
upper limbs. Our methodology deals with flow measure-
ments, which have been carried out with PIV methods and
compared to CFD calculations. Nonetheless, experimental
measurements of force and kinematics of the arm enables us
to strengthen our understanding. The main unsteady mech-
anisms studied are the spatio-temporal analyses of vortex
structures, but also the Kramer, axial flow, added mass or de-
layed stall effects [5]. Previous very promising studies have
been carried out using a robotic arm to understand some of
the propulsion mechanisms in swimming based on unsteady
fluid studies [6]. We have also developed a robotic swim-
ming arm device. This allows the kinematic parameters of
the swimming motion to be varied such as the angle of attack
or the velocity of the hand. A study using this device was
carried out to investigate the relationship between propul-
sive force and swimming frequency [7]. Acceleration has
been deemed important in the force generation process [3].
Which is why we would like to study its role in propulsion.

2 Methods

The robotic system described in Figure 1 is based on the
swimmers’ kinematics that we tend to reproduce by varying
the angular acceleration of the arm θ̈ in rad.s−2. On the one
hand, the aim is to produce a parametric study assessing key
parameters such as arm angular accelerations and propulsive
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Figure 1: Schematic device of the robotic arm

forces. On the other hand, to compare these parameters with
various phenomena such as vortex development and detach-
ment. The experimental study was carried out in a labora-
tory, in an open channel. The forearm and hand were molded
on an elite swimmer’s model and built in epoxy resin (den-
sity of 0.98 kg/L similar to the human body). The mold
was attached to a motor that allowed the forearm to pro-
duce aquatic movements. The motor was attached to a frame
resting on two rails with four guide rollers providing a vir-
tually slippery connection. We used a level to align the (X⃗)
axis and calibrated the system with a device comprised of
weights, belt and pulley, identifying frictional forces of 2.3
N. The frame was held with a monoaxial force sensor, mea-
suring the force generated by the reaction of water on the
arm, which represents the arm’s propulsive force F⃗p = FpX⃗
(Figure 1). The sensor was connected to the motor’s servo-
drive from where data were extracted. The results were ob-
tained in the cartesian frame of reference related to the earth
R(X⃗ ,Y⃗ , Z⃗). The arm’s angular acceleration θ̈ varied between
1 to 15 rad.s−2 with a step of 1 rad.s−2. The relative flow
of the flume regarding the cartesian frame of reference re-
lated to the earth was 0.3 m/s, although it should have been
around 2 m/s [1], but we couldn’t go higher at this stage.
The experiments were coupled with PIV measurements in
two planes. In the vertical laser sheet, we can follow and
evaluate the behavior of the fluid around the arm in the me-
dian plane. For the horizontal plane, vortex slices can be
observed at different depths of the laser sheet crossing the
arm. Two Phantom v2640 cameras were used to reconstruct
the image for the whole motion θ in degrees from 20 to 160.
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Figure 2: Experimental 2D PIV fields for θ̈ = 10 rad.s−2; θ = [60°,90°,120°] for the ZX and XY laser sheets

Figure 3: Spatio-temporal evolution of the vortex structures
around the hand and the forearm, from the Q criterion and
vorticity at different angles θ = [60°,90°,120°], for θ̈ = 10
rad.s−2

3 Results

Post-processing of the data clearly shows that the higher the
angular acceleration, the greater the propulsive force (Fig-
ure 4). A peak of strength can be observed around 90 de-
grees which matches our former study [7]. These data are
to be compared with PIV fields from both vertical and hor-
izontal laser sheets (Figure 2). For θ = 60 degrees, we can
see two vortex structures being formed on the edges of the
thumb and little-finger (Figure 2). These leading-edge vor-
tices grow and develop behind the hand and are then grad-
ually shedded in the wake (θ = 90 deg). From θ = 90 to
120 degrees, the wake becomes increasingly turbulent. To
strengthen our understanding of the flow, we performed the
same tests under numerical conditions (Figure 3), using the
URANS methodology [8]. This study is promising because
of the unsteady model and its confrontation with the fluid’s
behavior. We will present the effects of the arm’s angular
acceleration on propulsion in front crawl swimming in un-
steady condition. The evolution of the propulsive force re-
garding acceleration and vortex formation will be analyzed
under several conditions.

Figure 4: Evolution of the sensor’s measured force accord-
ing to the angular position of the arm. For three angular
acceleration values
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