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1 Introduction

Locomotion with large pectoral fins enables impressive
maneuverability and can be described by kinematics that
span a continuum between undulatory and oscillatory mo-
tions [1]. Kinematic variations directly influence swimming
performance as they control momentum transfer between
the fins and the fluid surroundings. As a result, many studies
have investigated the fluid mechanics, bio-mechanics, mate-
rials, and mechanisms related to this type of locomotion in
order to gain insights on the principles that enable such per-
formance [2], [3], [4].

Previous animal studies have explored the influence of
kinematics parameters such as fin flapping frequency, am-
plitude, wavelength, and wave speed on locomotion [1],
[5], [6]. Rosenberger analyzed the motions of fin mar-
gins in eight batoid species with kinematics ranging from
undulation to oscillation [1]. Blevins et al presented the
first three-dimensional analysis of the undulatory locomo-
tion of a stingray, Potamotrygon Orbignyi, using a 3D in-
frared high-speed camera [6]. Several 3D kinematic charac-
teristics were revealed, aspects of the waveform that could
not be inferred from a 2D analysis, including active medio-
lateral fin curvature and an asymptotic pattern of amplitude
variation along the pectoral fin. Di Santo et al investigated
the 3D pectoral fin kinematics of the little skate, Leucoraja,
during steady swimming [5]. The motions of nine points in
three dimensions were captured during fin oscillations and
significant differences in movement amplitudes among fin
locations as well as significant differences of fin beat fre-
quency and speed of the traveling wave were determined.
However, in all animal studies, performing propulsive force
measurements is quite challenging which prevents establish-
ing robust links between the measured fin kinematics and
propulsive performance.

To have a more complete understanding of the relation-
ships between fins kinematics and 3D propulsive forces,
other studies have used bio-inspired mechanisms to test vari-
ous hypotheses and clarify the basic principles enabling per-
formance [7], [8], [9], [10], [11]. Yet, experimental con-
ditions either don’t fully match swimming conditions (i.e.
surface effects from fins suspended atop a testing tank) or

Figure 1: Force measurement and kinematics characteriza-
tion setup of a large fin soft robot (batoid inspired).

do not measure 3D forces. Numerical studies can provide
fairly accurate force estimates [12], but they also need to
be bench-marked against experiments. The correlation be-
tween 3D kinematics and the forces generated by fin mo-
tions is indispensable to fully understand pectoral fin loco-
motion. Results would play an important role in bio-inspired
vehicle control.

2 Approach

In this work, 3D propulsive forces and kinematics of
pectoral fins were studied using a soft batoid-like robot.
The robot is under-actuated, autonomous, and able to mimic
undulatory rajiform locomotion (Fig.1). A platinum cure
silicone mix is used to create a continuum between the
robot flexible fins and its body by encapsulating a central
shell where actuation, power, and a microcontroller unit
are housed (all delicate components are fully encapsulated
by the silicone mix). A flexible flapper is embedded in-
side each fin. Periodic curvature control of each flapper
forces structural waves to propagate downstream the soft
fins generating propulsive forces. In order to characterize
3D swimming kinematics and 3D propulsive forces a spe-
cial setup was built using an instrumented holder (Fig.1).
Three-dimensional kinematic parameters of soft fins were
obtained using 3D high-speed video techniques to digitize
various points marked on the fins (white reflective dots visi-



Figure 2: Cycle-averaged thrust (Fx) and side force (Fy)
generated by two fins as a function of flapping frequencies
and amplitudes.

ble in the upper surface of the robot’s fin). Concurrently, ex-
periments were conducted to characterize propulsive force
generation in 3D using a 6 axis force sensor.

3 Results

The effects of fin flapping frequency (from 1hz to 2.4hz)
and fin amplitudes (from 30 deg. to 60 deg.) on the force
generation were studied. Fig. 2 shows the averaged thrust
force, Fx and side forces Fy generated by the fins at various
frequencies and amplitudes. The mean lift force Fz is zero.
For a given amplitude, the averaged thrust and side forces
increase linearly as the flapping frequency increases. For
smaller amplitudes, the effects of frequency are less strong.
At larger amplitudes, the influence of frequency is more no-
ticeable. Flapping frequency has a more significant effect on
thrust production than fin amplitude.

4 Conclusions

In this study, we developed and employed the experi-
mental apparatus to measure three component forces and 3D
kinematics of the ray robots. It was found that both thrust
and side forces increase with flapping frequency and ampli-
tude, but frequency effects are more noticeable. The results
of the characterization of unsteady forces and kinematics of
soft fins presented in this work is used to understand the

correlation between flexible structures, amplitudes and force
production.
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