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and aquatic environments, such intricate mechanisms perforce 
require the expenditure of additional energy to adapt to different 
environments and may introduce additional failure points.

Any mechanism for locomotion must generate forces that 
can suitably propel the system in multiple regimes. Given the 
extensive applications for such systems, it is interesting to 
understand whether there are implicit or explicit design con-
straints that impede the utilization of these forces and, thus, 
reduce the propulsive efficiency that can be achieved. The 
mechanisms must be simple to operate, maximize force uti-
lization in different environments, must not require complex 
control strategies, and minimize the dependence on expensive 
sensing and perception capabilities.

In this paper, a novel structure and mechanism for amphib-
ious locomotion that is simple and versatile is presented. It is 
demonstrated that the propulsive efficiency in a conventional 
flipper is diminished because of its symmetric structure. In 
order to effectively move in aquatic media, the lateral drag 
force, Fy, which is significantly greater than the longitudi-
nal force, Fx, needs to be completely utilized for propulsion 
i.e., the drag force must not average out to zero. The simu-
lation and experimental results in this paper demonstrate that 
when a conventional flipper is used in aquatic environments, 
the drag force averages out to zero and, thus, even when the 
lateral force generated is larger than the longitudinal force, 
its utilization for propulsion cannot be achieved. To address 
this challenge, a simple, passive, flapped-paddle mechanism 
is proposed that introduces asymmetry in the lateral force by 
design. The asymmetry in the flapped-paddle structure ensures 
that the drag force does not average out to zero during the 
oscillation cycle, thereby enabling effective utilization of the 
generated forces for locomotion. Further, the flapped-paddle 
can be easily integrated into a variety of structures to enable 

1. INTRODUCTION
Asymmetry in design can significantly enhance the propulsive 
efficiency and versatility in a variety of multi-regime amphib-
ious robotic systems. Robotic systems have been deployed in 
several critical applications in complex environments, such 
as disaster management, reconnaissance, mining, and explo-
ration in recent years. Many of these system rely on interest-
ing structures and mechanisms for locomotion in amphibious 
environments. For example, [1‒10] present a few novel bio-in-
spired ideas for locomotion. Other novel mechanisms that are 
based on rotation to achieve terrestrial and aquatic locomotion 
are reported in [11, 12]. An interesting class of amphibious 
robots, closely related to the one proposed in this paper, is 
based on the well-known biologically inspired terrestrial robot 
RHex [13, 14], a hexapod with rotating curved, flexible legs, 
that allow it to operate in undulatory terrain and inaccessible 
environments.

The design of structures and mechanisms that are reported in 
the literature must, however, be adapted for use in terrestrial or 
aquatic environments. For example, an early amphibious evo-
lution of the RHex platform was the RHex-Aqua [15, 16]. The 
semicircular legs of the RHex were replaced by a set of flippers 
that allowed the robot to swim and dive underwater. However, 
this required manual intervention to replace the flippers. An 
improved version, AmphiHex, was proposed with a curved leg 
that could transform into the flipper using a multi-linked, fully 
actuated mechanism [17‒19]. While this mechanism alleviated 
the need for manual intervention to transition between terrestrial 

THERMODYNAMICS, MECHANICAL, 
AERONAUTICAL ENGINEERING AND ROBOTICS 

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

*e-mail: p.burzynski@doktoraci.pb.edu.pl

Manuscript submitted 2021-03-30, revised 2021-07-05, initially accepted  
for publication 2021-07-28, published in December 2021

Abstract. This paper presents the design of a versatile mechanism that can enable new directions in amphibious, all-terrain locomotion. The 
simple, passive, flapped-paddle can be integrated with several structures that are well-suited for locomotion in terrestrial applications. The 
flapped-paddle overcomes a serious limitation of the conventional flipper where the net lateral forces generated during oscillatory motion in 
aquatic environments averages out to zero. The flapped-paddle and its mounting, collectively, rests in natural positions in the aquatic environment 
so as to maximize hydrodynamic force utilization and consequently the propulsive efficiency. The simplicity of the design enabled us to develop 
a simulation model that concurs well with experimental results. The results reported in the paper are based on integrating the flapped-paddle 
with the curved leg of the RHex hexapod robot.

Key words: biologically-inspired robots; amphibious robotics; mechanism design.

FLHex: a flapped-paddle hexapod for all-terrain 
amphibious locomotion

Piotr BURZYNSKI2*, Ashutosh SIMHA1, Ülle KOTTA1, Ewa PAWLUSZEWICZ2, and Shivakumar SASTRY3

1 School of Information Technologies, Department of Software Science, Tallinn University of Technology, 12618 Tallinn, Estonia
2 Bialystok University of Technology, Department of Robotics and Mechatronics, ul. Wiejska 45C, 15-351 Bialystok, Poland

3 University of Akron, Department of Electrical and Computer Engineering, Akron, Ohio 44325, USA

http://creativecommons.org/licenses/by/4.0/
mailto:p.burzynski@doktoraci.pb.edu.pl


2

P. Burzynski, A. Simha, Ü. Kotta, E. Pawluszewicz, and S. Sastry

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139007

amphibious locomotion; the results reported in this paper are 
based on integrating a flapped-paddle with the curved leg of the 
RHex. This novel design offers a new mechanism for amphib-
ious locomotion that is:
● simple – does not require complex actuation mechanisms 

for transitioning across terrestrial and aquatic environments,
● efficient – completely utilizes the dominant drag forces for 

locomotion,
● versatile and robust – enables the robot to traverse in undu-

latory terrain, steep obstacles, staircases and aquatic envi-
ronments without the need for complex control strategies or 
expensive sensing and perception.
The FLHex design shown in Fig. 1, employs the flapped-pad-

dle which was studied in [21] in underwater environments. This 
design was in fact inspired by the feathers on a bird՚s wing, 
which open on the up-stroke and close on the down-stroke, 
causing asymmetry in drag force [22, 23]. There are other recent 
reports that are related to the ideas in this paper. Aquatic mech-
anisms that rely on asymmetric drag forces are reported in [24] 
the curved leg is equipped with a paddle which allows the robot 
to swim on the surface of water using circular strokes such that 
the paddle is above the surface during one half cycle and below 
in the other half cycle, thereby generating asymmetric drag 
force. However, this mechanism does not enable underwater 
swimming as the net drag force sums up to zero in the stroke 
cycle. In [25, 26] the actuator comprises stiff fins which give 
way only in one half of the stroke cycle. In [27] a passive row-
ing joint which is spring loaded is employed to achieve asym-
metry by offering less resistance during the recovery stroke. 
Yet another approach is to employ skewed actuation i.e. a faster 
power stroke and slow recovery stroke. Some works in this 
direction are [28‒31]. A drawback of this approach however 
is the need to significantly reduce the duty cycle of the power 
stroke, resulting in intermittent and sluggish motion.

2. DESIGN AND FABRICATION
This section describes the flapped-paddle and its integration 
with the RHex hexapod leg. RHex design specifications are 
given in Table 1 and Table 2.

Table 1
RHex design specifications

Part Length 
[cm]

Height 
[cm]

Width 
[cm]

Weight 
[g]

Leg smaller (£4) 17.4 17.4 3.3 91.2

Leg bigger (£2) 17.4 17.4 8.2 112.4

Mid-module 20 9.5 20 1624

End-module with servos (£2) 9 7 20 1053

total 55.2 21.8 36.4 3730

Table 2
RHex design specifications

Part material

Legs Acrylic

Body PLA

Flaps LDPE

2.1. Flapped-paddle design
The drag and wake forces in aquatic environments primarily 
comprise the hydrodynamic forces on an oscillating flipper 
[32‒34]. Forces due to lateral displacement of fluid during os-
cillation, acts perpendicular to the surface of the flipper՚s to 
exert the drag force. The wake force is exerted in the longitudi-
nal direction along the surface due to the momentum imparted 
into the wake behind the fin. In a conventional flipper, the both 
drag and wake forces are generated, and in fact the lateral drag 
force significantly dominates the longitudinal wake force in 
low inflow conditions (see [34]). However, the symmetry in the 
design of the conventional flipper creates a symmetric lateral 
drag force during the oscillation cycle; this phenomenon unfor-
tunately causes the average lateral drag force to become zero. 
Thus propulsion of a robot that uses the conventional flipper, 
must rely only the wake force. Therefore, the generated forces 
in a conventional flipper are under-utilized and hence there is 
a significant decrease in propulsive efficiency. It is important 
to note that the wake force is significant only when the fin os-
cillates in a high-inflow velocity regime as explained in [32]. 
Moreover, it is known that oscillatory motion is unsuitable for 
turbulent regimes [35]. This is due to the fact that the momen-
tum that is shed off into the wake behind the trailing edge of the 
flipper, and the resulting force, are linear in the inflow velocity, 
and therefore are weak in low inflow regimes.

In several underwater robots, it can be seen that lateral drag 
forces have a much higher magnitude compared to longitudinal 
forces, though producing zero net thrust. This can be seen for 
instance in the RHex-Aqua (see Fig. 8 in [16], Fig. 7 in [36]), 
as well as in our experiments as shown in Fig. 2 which presents 

Fig. 1. FLHex: a flapped-paddle hexapod robot (see video in [20])

The paper is organized as follows. Section 2 presents the 
design of the flapped-paddle and its integration with the curved 
leg of the RHex hexapod. After presenting the models for loco-
motion gaits in Section 3, the results from our locomotion trials 
in Section 4 are presented. Finally, Section 5 presents the con-
clusions and next steps in this investigation.
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the force exerted on a conventional flipper when placed in an 
underwater testbed. In Fig. 2, Fy is the lateral drag-force and Fx 
is the longitudinal force which consists of drag and wake forces, 
which can be seen to be significantly weaker.

This drawback of conventional flippers is alleviated by the 
flapped paddle-fin shown in Fig. 3 which comprises a set of 

flaps mounted in an overlapping louver-like structure, which 
open during one half-cycle of oscillation i.e., the recovery 
stroke, and close in the other half i.e. the power stroke. This 
almost completely asymmetrizes the significantly higher lateral 
drag-force (as shown in Fig. 2) which can be now be utilized 
for underwater locomotion, instead of the weaker longitudi-
nal forces. The flapped-paddle mechanism simultaneously 
increases propulsive efficiency and net thrust, over conven-
tional flippers (see Fig. 7 and Fig. 8 in [21]).

2.2. Integrating the flapped-paddle into a leg
The flapped-paddle can be integrated into a variety of leg struc-
ture. As an initial step, the flapped-paddle was integrated into 
the curved leg structure of RHex. This results in a semi-circu-
lar structure with movable flaps as shown in Fig. 4. The flat 
portion has a ladder like structure that mounts a set of over-
lapping flaps. The flaps have very low inertia so as to mini-
mize the delay in opening and closing. The flap-mounting is 
reinforced with adhesive vinyl in order to maintain some min-
imal stiffness that ensures that the flaps are constrained from 
folding over during the recovery stroke. Alternatively, this can 
also be achieved by constraining using a thin rod or string at 
the hinge. The operation of the flapped paddle-leg during an 
oscillatory cycle underwater is illustrated in Fig. 5. We also 
invite the reader to view the video in [20]). Notice that the flaps 
open completely during the recovery stroke, early in the cycle. 
They are then maintained parallel to the flow thereafter and, 
hence, offering low structural resistance to flow. During the 
power-stroke they align to form a flat paddle. This mechanism 
therefore enables a high net drag force which can be effectively 
used for underwater locomotion. This force is realized because 
of the design is asymmetrical and the net forces do not average 
out to zero. By changing the mean angle of oscillation, the net 
force vector can be redirected to generate appropriate pitch, 
roll and yaw moments.

The flapped-paddle does not structurally impede terrain loco-
motion. Similar to [13], the curved portion of the leg allows the 
robot to traverse highly uneven terrain, including steep obsta-
cles, climb stairs etc.

Fig. 3. Flipper mount (left) and structure (right). The symmetry in 
the structure of the conventional flipper (right, bottom) cancels the 
lateral drag force; the flapped-paddle (right, above) opens fully in the 
recovery-stroke and closes in the power stroke; there is little impact 

on mounting on the test-plate (left)

Fig. 2. Asymmetry improves propulsive efficiency. The symmetry in 
the lateral drag force (Fy) for the conventional flipper (top) results in 
zero average force in an aquatic environment. Notice that the lateral 
drag force for the flapped-paddle is suppressed in the recovery stroke, 

thus maximizing propulsive efficiency because Fx < Fy
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2.3. Robot integration
The FLHex comprises three modules, each with two symmetri-
cally mounted legs that were integrated with f lapped-paddles. 
The joints connecting the modules were driven using servo 
motors. The legs were controlled using high-torque brushed 
DC motors with encoders and actuated using a microcontrol-
ler. The servo motors connecting the modules were actuated 
via a PID controller whose gains and set-points were tuned to 
operate in various terrains, without the need for explicit sens-
ing or perception as demonstrated in the experimental video. 
Collectively, these steps enabled versatile and robust locomo-
tion. The materials used for the robot are summarized as fol-
lows. The body of the robot was made from polylactic acid 
(PLA), and the legs frames were made from acrylic sheet. 

The legs were coated with an adhesive foam to prevent slip-
page during climbing gaits. The f laps were made from Nylon 
laminated with low-density polyethylene (LDPE). The mate-
rial for the f laps was chosen such that there is minimal resis-
tance to f low during the recovery stroke and fast opening, as 
well as minimal bending during the power stroke, to maxi-
mize drag-forces.

3. MODELING LOCOMOTION GAITS
3.1. Propulsive force during swimming
The drag-force generated by the leg during the power stroke of 
oscillation is given as follows (see [32]).

 F(t) = 
Z

l0

l1

1
2

Cdρwθ ̇ 2(t)s2ds, (1)

where l1 is the length of the leg and l0 is the distance from 
the hinge from where the f laps are mounted, Cd is the drag 
coefficient, w is the width of the f lap area, ρ is the f luid den-
sity and θ ̇ (t) is the angular velocity of oscillation (Fig. 6). The 
instantaneous drag-force F(t) acts perpendicular to the sur-
face, in a direction opposing the rotation. The convention used 
here is that the power-stroke and recovery-stroke correspond 
to decreasing and increasing θ respectively. During the recov-
ery-stroke one assumes a reduced width of the surface element 
obstructing the f low, i.e., wr << w, and change the direction of 
the (negligible) drag force as

 F(t) = −
Z

l0

l1

1
2

Cdρwrθ ̇
2(t)s2ds. (2)

Fig. 5. Responsive design. Note that in aquatic environments the flaps rapidly close to increase the utilization of the power stroke cycle (top). 
In the recovery stroke, the flaps rest along the structure of the flow, minimizing drag (bottom)

RECOVERY STROKE (Clockwise motion)

POWER STROKE (Anti-Clockwise motion)

Fig. 6. Force diagram. Drag-forces generated during oscillation in an 
aquatic environment under low inflow conditions. Note that the flaps 

rotate in opposite orientation to the leg rotation
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The components of hydrodynamic forces on the force plate 
under zero inflow condition are obtained as follows.

 
Fx(t) = FD(t)sin(θ(t)),

Fy(t) = FD(t)cos(θ(t)).
 (3)

A comparison between forces generated using the above 
model, and forces measured by the testbed when oscillating 
the flapped-paddle is shown in Fig. 7.

	 θr(t) = −α +  4αt
T

,  8t 2 
£
0, T/2), (5)

and the recovery gait as

	 θr(t) = α + 
4(π ¡ α)(t ¡ T/2)

T
,  8t 2 

£
T/2, T ), (6)

where α is the stride angle and T is the time period of the entire 
gait. The idea behind this simple gait is that when one set of 
legs complete their contact stride and are about to lift off, the 
other set come in contact with the ground. This ensures that the 
robot is supported by at least 3 legs at any given time, within 
a contact angle of α.

The time period T is decided based on the RPM limitations of 
the motor, while the stride α is decided by the torque saturation 
limits of the motor (heuristically) as m/3 Lsinα < τ, where τ is 
the limiting torque, L is the length of the leg and m is the mass 
of the robot. The assumption made here is that the inertia of the 
leg is comparatively negligible and the mass is equally shared 
between the legs.

The above reference gait motor command is tracked using 
a nonlinear PID control law on the unit circle S1, for the motor 
torque as

 U = kp sin(θ  ¡ θr) + kdθ ̇  + ki

Z

0

t

sin(θ ¡ θr)dθ , (7)

where kp, kd, ki are control gains.
The locomotion gait reference and the closed loop tracking 

performance for flat surface is indicated in Fig. 8.
For undulatory surfaces, the reference gait is not modified, 

and this includes the case of steep obstacles as well. Here, the 
undulations are considered as disturbance torques, and are com-
pensated by the integral component.

Fig. 7. Ease of design. The simplicity of the flapped-paddle and the 
low impact of the hydrodynamic artifacts, enabled us create high-fi-
delity models. The above figure shows the lateral and longitudinal 
forces, with l0 = 3 cm, l1 = 10 cm, w = 6 cm, wr = 0.6 cm, obtained 

using models (Eq. (3)) and experiments

Fig. 8. Terrestrial gait (Buehler clock [13]). Motor reference command 
and tracking for terrestrial locomotion, with α = 30°, T = 3 s

The swimming gait, i.e., angular position θ(t) of the DC 
motor, is chosen as the following sinusoidal wave with offset

 r(t) =  A
2

sin(2π f t) + A0. (4)

This reference is tracked by the DC motor driving the leg, using 
a PID control law. Here, the offset A0 is used to steer the mean 
force vector, which can be used for achieving different swim-
ming gaits.

3.2. Terrestrial gait design
For locomotion on flat ground, the motors corresponding to legs 
1, 4, 5 (i.e., set A) and legs 2, 3, 6 (i.e., set B) as indicated in 
Fig. 1, are respectively synchronized, and alternatively actuated 
such that when set A is in contact with the ground (i.e., contact 
gait) while set B has lifted off (i.e., recovery gait). The gait 
during one time-period is designed as follows. The contact gait 
is designed as
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3.3. Controller implementation
A Polulu motor (37Dx70L) with 50:1 gearbox and quadrature 
encoder that provided 3200 signals per turn was used. The 
motor was driven by a VNH5019 controller. Every leg of the 
robot was independently controlled by such a motor-controller 
pair.

The main strategy used in the implementation was to control 
the position of each leg independently. This avoided the need 
to explicitly synchronize their position reference trajectories, 
which is nontrivial especially when each leg encounters an 
undulating terrain. Since the relevant part of the control is only 
when the leg is in contact with the ground, a higher sampling 
rate was used to capture the motor encoder values and the track-
ing error and hence know the error from the desired position; 
this also compensates for external noise. In each iteration of the 
PID loop, all the error variables were computed. The updated 
controller signal (PWM duty cycle) was computed in accor-
dance with the sampling rate associated with the position of the 
leg. The sampling was also allows to be non-uniform, which 
allowed more accurate motor control when the leg is in contact, 
where the noisy forces are higher, than when the leg is rotating 
freely. The use of an optical encoder allowed us to determine 
the absolute position, circumventing the need to design velocity 
controllers which indirectly control the motor position.

4. LOCOMOTION TRIALS
Locomotion trials with the FLHex were performed in different 
environments. We invite the reader to view the attached video 
[20] where the experiments were recorded.

4.1. Terrestrial trials
Snapshots of walking on a flat surface as well as over obstacles 
using the walking gait in Fig. 8, are presented in Fig. 9. This 
demonstrates that the platform is robust to terrain undulations 
and steep obstacles, as the walking gait need not be explic-
itly adapted to terrain variations. This robustness mitigates 
the dependence on additional sensors for profiling the terrain 
undulation and varying the reference command. Moreover, the 
modular structure also adds to the robustness as the servo con-
trol law allows the modules to reconfigure their joint angles 
so as to additionally compensate for disturbance loads due to 
undulations.

In Fig. 10 the staircase climbing gait is demonstrated. Here, 
the reference gait is modified as a constant angular velocity, 
in-phase rotation of the front and rear pair of legs, while the 
middle pair is deactivated. The reason for this is that without the 
middle pair, the gait is robust to varying profiles of staircases, 
while activating the middle pair requires additional sensing for 
avoiding overturning of the robot. During this gait, the refer-
ence position of the modular joint angles is varied such that 
the front and rear modules are lifted up, so as to minimize the 
load on the DC motors. From the video, it can also be noticed 
that the control law is saturated such that the gait of a particular 
leg is temporarily paused when the load is higher, and resumes 
only when this is relieved due to other legs coming in contact 
with the stairs. During the climbing gaits, the servo motors 

controlling the modular-joint angles were modulated such that 
the front and rear modules were oriented upwards. This enables 
a higher degree of stability when climbing, and also increasing 
the possible step size.

Table 3 summarizes the effect of varying the stride angle α 
and time period T in the walking gait defined above in Eq. (6). 
Note that here x is the total displacement, and y is the displace-
ment/cycle. For each pair of (α, T ) the robot was made to walk 

Fig. 9. Versatility of terrestrial gait. FLHex easily adapts to terrain 
changes without the need for explicitly changing the gait, which may 

require sensing or perception

Fig. 10. Staircase climbing. FLHex can traverse stairways when the 
motion of the front and rear legs are synchronized

A
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for 10s, and the average value obtained over 5 trials has been 
computed. The total number of trials overall was therefore 60. 
It can be seen that the total displacement (and consequently 
average speed) increased with increasing α and decreasing T. 
The maximal displacement/cycle y = 57.4 cm was observed 
when α = 45° and T = 2s, indicating a larger stride angle and 
smaller rotational velocity may be optimal. Often due to motor 
limitations, there is a need to trade off between using a large 
stride angle (in case the motor has a larger torque rating) or 
smaller rotation time period (in case the motor has a higher 
RPM rating). In this case, the above table would help designers 
in selecting an appropriate driving motor for the legs.

The video link [20] also includes experiments where the 
robot transitions from swimming onto land, to demonstrate 
its amphibious capability. Due to the limitations of fabrica-
tion facilities, the current version of the robot is not water-
proof and therefore needed a supporting flotation appendage. 
However future extensions have been planned to incorporate 
a completely water-proof version.

4.2. Swimming trials
Snapshots of surface swimming with a gait as shown in Fig. 7 
are presented in Fig. 11. Here it can be seen that the flaps 
open up during the recovery-stroke and close during the pow-

er-stroke. All 6 legs are synchronized in this gait. As visible 
from the attached video [20], turning maneuvers can be per-
formed by actuating only one side (or minimally actuating the 
other side).

Note that the current platform has not been water-proofed 
which is why the diving gaits have not been experimentally 
characterized. The robot was mounted on a floating platform in 
order to perform aquatic trials. This platform introduced addi-
tional rotational and translational drag forces when swimming.

Table 4 summarizes the effect of varying the frequency f  and 
amplitude A of the swimming gait Eq. (40). Note that here x 
is the total displacement, and y is the displacement/cycle. For 
each pair of ( f, A) the robot was made to swim for 10s, and the 
average value obtained over 5 trials has been computed. The 
total number of trials overall was therefore 45. It can be seen 
that the total displacement (and consequently average speed) 
increased with increasing f  and A. The maximal displacement/
cycle y = 39 cm was observed when A = 160° and f  = 0.5 Hz. 
The above table indicates that maximizing the stroke amplitude 
at the cost of a lower stroke frequency may be optimal (in terms 
of maximizing displacement/cycle).

Table 4
Parametric study of swimming gait

f  = 0.5 Hz f  = 1 Hz f  = 1.33 Hz

A = 80° x = 95 cm
y = 19 cm

x = 150 cm
y = 15 cm

x = 210 cm
y = 15.75 cm

A = 120° x = 155 cm
y = 31 cm

x = 223 cm
y = 22.3 cm

x = 270 cm
y = 20.25 cm

A = 160° x = 195 cm
y = 39 cm

x = 360 cm
y = 36 cm

x = 480 cm
y = 36 cm

5. DISCUSSION
The primary purpose of this paper was to demonstrate that 
the popular RHex platform could be easily extended to an 
amphibious robot, with minimal design modif ications. The 

Table 3
RHex design specfications

T = 2s T = 1s T = 0.75s

α = 20° x = 145 cm
y = 29 cm

x = 295 cm
y = 29.5 cm

x = 342 cm
y = 25.65 cm

α = 30° x = 209 cm
y = 41.8 cm

x = 374 cm
y = 37.4 cm

x = 483 cm
y = 36.23 cm

α = 40° x = 263 cm
y = 52.6 cm

x = 545 cm
y = 54.5 cm

x = 628 cm
y = 47.1 cm

α = 45° x = 287 cm
y = 57.4 cm

x = 532 cm
y = 53.2 cm

x = 644 cm
y = 48.3 cm

Fig. 11. Amphibious locomotion. The above figure shows the experimental setup for FLHex in water-surface test with A = 50°, A0 = 20°, 
f  = 0.5 Hz (Eq. (4))
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versatility of the f lapped-paddle mechanism allowed us to 
easily integrate it into the RHex leg. In [21], it was shown that 
the f lapped-paddle f in robot was capable of agile underwater 
and surface swimming gaits. Since the FLHex is also based 
on the asymmetric f lapped paddle, one can easily extrapolate 
from the experimental results in this paper that FLHex, along 
with its demonstrated terrestrial gaits and surface swimming 
capability, is also capable of underwater gaits similar to [21]. 
Moreover, in Section 3 it was shown that the asymmetric drag 
based aquatic gait can be easily modeled with appreciable accu-
racy, rendering FLHex well-suited for model-based control and 
guidance. The original RHex design included legs which were 
compliant, as the ՚C՚-shaped legs were compressible. However, 
the f lat section which mounts the f laps, now prevents the legs 
from being compressed on impact. In order to include the com-
pressive/shock-absorbing effect of the original RHex leg, the 
current design includes a foam padding at the bottom of the 
legs, which in addition to providing resistance to slippage, also 
provides a shock absorbing effect which is useful for undula-
tory terrain.

6. CONCLUSIONS
This paper presented the design for a novel flapped-pad-
dle mechanism for enabling amphibious locomotion. This 
flapped-paddle was integrated with the curved leg of the RHex 
hexapod to investigate its behavior in terrestrial and aquatic 
environments. The design is simple and versatile. In addition, 
the mechanism can be easily integrated into a variety of struc-
tures to suit application demands for locomotion.

The results demonstrated that FLHex, our hexapod integrated 
with the flapped-paddle, is versatile and can traverse undula-
tory terrains without the need for complex control strategies 
or expensive sensing and perception. In addition, it seamlessly 
transitions between aquatic and terrestrial environments by 
using a simple oscillatory gait, without the need to replace 
the leg with flippers, or reconfigure the leg. Experimental 
results in a low-inflow aquatic regime demonstrated that the 
flapped-paddle offers a significant advantage over conventional 
flippers by harnessing the dominant drag force. At the core, this 
design demonstrated that asymmetry in design can significantly 
enhance the propulsive efficiency and versatility in a variety of 
multi-regime amphibious robotic systems.

In the future, this systems can be made more robust and 
waterproof to investigate the performance of the flapped-pad-
dle in more complex aquatic maneuvers including diving and 
surfacing. Further extensions related to this mechanism can 
include new control theoretic approaches for locomotion and 
fault tolerance.
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