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Abstract— This paper presents a transformable RHex-
inspired robot, RHex-T3, with high energy efficiency, excel-
lent flexibility and versatility. By using the innovative 2-DoF
transformable structure, RHex-T3 inherits most of RHex’s
mobility, and can also switch to other 4 modes for handling
various missions. The wheel-mode improves the efficiency of
RHex-T3, and the leg-mode helps to generate a smooth loco-
motion when RHex-T3 is overcoming obstacles. In addition,
RHex-T3 can switch to the claw-mode for transportation
missions, and even climb ladders by using the hook-mode.
The simulation model is conducted based on the mechanical
structure, and thus the properties in different modes are
verified and analyzed through numerical simulations.

I. INTRODUCTION

In recent decades, more and more researchers involve
in the study of mobile robots to overcome various
environments. RHex is undoubtedly one of the most
successful mobile robots in terms of flexibility [1][2]. With
the simple mechanical structures and only 6 actuators,
RHex performs the incredible mobility at the cost of low
energy consumption[3][4], breaking the trade-off between
flexibility and the energy efficiency.

Since the birth of RHex, researchers have been trying
to develop new generation prototypes to further improve
its capabilities. Edubot was equipped with the spatial
compliance of the tunable leg to improve its adaptability,
efficiency and robustness [5]; Whegs adopted wheel-leg
structure to negotiate obstacles and traverse irregular
terrain [6]; furthermore, T-RHex enhanced the vertical
mobility by using microspines [7]; in addition, the swap-
pable propulsor robot could replace the RHex legs with
other wearable equipment for a wide range of locomotion
capability [8]. As a conclusion, most of new generation
prototypes focus on overcoming extreme environments
and improving their energy efficiency, however, research
on the versatility and smooth stability is relatively rare.

In recent years, the transformable mechanisms have
been widely studied. With the innovative transformable
mechanical structures, the robots can switch between
multiple mobile modes, thereby guaranteeing energy
efficiency and flexibility in different environments, such
as the retractable wheel-leg quadruped robot [9], Quat-
troped [10], the Claw-Wheel Transformable Robot [11]
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and TurboQuad [12]. Obviously, the transformable
mechanism has great research potential.

Therefore, we designed RHex-T3 by replacing the
roller legs of RHex to the innovative transformable
mechanical structure. RHex-T3 not only inherits most
of RHex’s mobility, but also can switch to the RHex-
mode, the wheel-mode and the leg-mode freely. Smooth
locomotions can be generated through wheel-mode and
leg-mode for further improving the energy efficiency
and smooth mobility. In addition, the transformable
mechanical structure derivatively enhances RHex-T3’s
versatility through the claw-mode to transport objects
and the hook-mode to climb ladders. As the contribution
of this paper, an innovative 2-DoF transformable mech-
anism based on the four-bar linkage was designed, which
provides a new way to inherit and extend the capability
of traditional high-performance robots.

II. MECHANICAL DESIGN
A. Overview

Fig. 1 illustrates the mechanical structure of RHex-
T3, which consists of the trunk and 6 transformable legs.
Each transformable leg has 2 DoF, and are separately
driven by the two motors fixed in the trunk through the
coaxial transmission.

The coaxial transmission mechanism inspired by
Doggo [13] consists of the internal shaft and the external
shaft, which respectively drive Rods 1 and 2 of trans-
formable leg to rotate, as illustrated in Fig. 3. Besides,
we further offset the two middle legs to avoid interference
with the front and rear legs.
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The transformable leg structure is designed based on
the four-bar linkage mechanism, and consists of the
Rods 1,2,3 and the Arc 1, as illustrated in Fig. 4. In
addition, by designing the leg structure on different
planes to maximize the workspace, the range of the
angle o between Rods 1 and 2 is varied from 33.02°
to 326.98° if the relative angle between Rods 1 and
2 remains unchanged, the transformable leg can rotate
around the motor shaft without restriction.

B. Modes Generation

Fig. 2 illustrates the 5 modes of RHex-T3 for locomo-
tion and operation.

The wheel-mode is illustrated in Fig. 2(a). When the
motor shaft moves to the center of the Arc 1, the outer
arcs of the transformable leg form a 2/3 circle. Then, the
left and right tripods are synchronized with each other
and are kept 180° out of phase with the opposite side.
Hence the robot can roll forward when all the motors

Fig. 3.
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rotate at the same speed.

When the motor shaft moves to the upper end of the
Arc 1, the 2/3 circle is formed by outer arcs again, and
the robot transforms to the RHex-mode, as illustrated
in Fig. 2(b). When the relative angle between Rods 1
and 2 remains unchanged, the robot can rotate its legs
without restriction. The RHex-mode inherits most of the
mobility of RHex.

When the transformable leg is regarded as a four-bar
linkage which is controlled by the coaxial motors, RHex-
T3 switches to the leg-mode with great flexibility and
smooth mobility, as illustrated in the Fig. 2(c). In the
leg-mode, the robot can generate various walking gaits
and overcome obstacles by controlling the landing point.

In addition, RHex-T3 can also switch to the claw-
mode and the hook-mode to improve its versatility as
illustrated in Figs. 2(d) and 2(e). Due to the complexity
of these two modes, their transformation and capabilities

Fig. 4. Transformable leg structure



Fig. 5. The coordinates of the transformable leg

will be introduced in the simulation experiments in
detail.

III. KINEMATICS
A. Forward Kinematics

The mechanical structure of the transformable leg
greatly enriches the capabilities of RHex-T3, however, it
also increases the computational complexity of the kine-
matics. Therefore, the forward kinematics is elaborated
in detail to analyze the workspace of the transformable
leg.

Fig. 5 illustrates the Cartesian coordinate, of which the
origin is set on the motor shaft as Op, and the x-axis is
horizontal to the body. Rods O1 A and O1 B are directly
connected to the motor shaft Op, and their lengths are set
aSAOlA = 01B =1r. Rod AC is linked to Rod O1A. Arc

BCD is a semicircle, of which the center is set as Oz and
the radius is also equal to r. In addition, ZDO2C = %
and ZDOyB = 2%. 6, and 6, are separately set as the

angles of Rod 0134 and Rod O; B with respect to x-axis.

In the walking locomotion, there are two situations of
landing. The first one is using Point D at the end of Arc
1, and the other one is using the tangent point of Arcs
with the ground (Point G). Therefore, the coordinates of
the landing point should be calculated separately in the
forward kinematics. In addition, there are other positions
that will play a role in special modes besides D, such as
Points C, B and the other points on the arcs.

B. Inverse Kinematics

Since there are two different landing methods in
the leg-mode, the calculation of the inverse kinematics
should also be considered separately, which will not be
derived in detail here. In general, the choice of landing
method is based on the constraint of the workspace and
the constraint of the velocity at the landing point.

IV. SIMULATION PLATFORM AND CONTROL
STRUCTURE

A. Simulation Platform

The simulation model of the RHex-T3 robot is con-
ducted by Webots simulation platform. As an open
source platform, Webots provides a complete devel-
opment environment to model, program and simulate

TABLE 1

Simulation parameters of RHex-T3

Length 550mm | Height 80mm

Body ~grqn 306mm |

Legs Length of O1 A 100mm | Length of AC | 193mm
Length of O1B | 100mm | r 100mm

Material Aluminum

Density 2.7x10%kg/m>

Total Mass 11.3294kg

robots. By importing the model of the SolidWorks, the
physical structure of the simulation model is exactly
the same as the mechanical design. The mechanical
parameters in the simulation are listed in TABLE 1.

In addition, the parameters of the contact model and
the Coulomb friction model are chosen as the system
default values. In the simulation, the position of the
motor shafts are simplified to locate at the connection
of the legs. Therefore, the gears will not rotate in the
simulations.

B. Mobile Control System

The mobile control system of RHex-T3 consists of
the instruction layer, the planner layer and the behavior
layer, as illustrated in Fig. 6.

The instruction layer only processes high-level instruc-
tions, such as the mobile mode, gait, speed, steering and
other macro instructions. And then sends the control
information to the corresponding mode controller to
convert the speed into motion parameters such as angular
velocity in wheel-mode, the gait, step length and step
period in leg-mode, or the gait and angular velocity in
RHex-mode. The control parameters will be sent to the
planner layer.

The planner layer connects the instruction layer and
the behavior layer. Therefore, it can translate the con-
trol parameters into the trajectory of CoM. Then, the
controller generates the trajectory of the landing points
based on the terrain information and the CoM trajectory.
After that, the controller calculates the angle trajectory
of the joints by the inverse kinematics. Finally, it sends
the information to the behavior layer.

The behavior layer faces to the actuators. The be-
havior layer converts the desired angle position into the
torque values by using a PID controller, and drives the
actuators.

V. SIMULATION RESULT
A. Locomotion

The simulations were conducted to verify RHex-T3’s
mobility in three mobile modes. In each mode, the
alternating tripod gait was chosen to be analyzed,
whereby the legs forming the left and right tripods
were synchronized with each other and kept an opposite
mobile-mode phase with the opposite tripod. To explore
their respective gait properties, the torque and the
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Fig. 6. Overall Control Structure
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specific resistance of each mode were compared and
analyzed.

(1) RHex-mode

In the RHex-mode, the robot moves the motor shaft
to the upper end of Arc 1, and generates the alternating
tripod gait. With reference to the control strategy of
RHex [1], each period is divided into slow and fast swing
phases, of which the corresponding speeds are controlled
to ensure that each of them accounts for a half period.
The control parameters are listed in Tables II. The
simulations were coducted and the motion profiles and
the torque for left and right tripods at speed of 0.2m/s
were illustrated in Fig. 7.

(2) Wheel-mode

In the wheel-mode, the motor shaft is moved to the
center of Arc 1, and then the alternating tripod gait is
generated to make up for the vacancy of the opposite arc,
ensuring the CoM moves forward steadily. The angular
velocity of all the coaxial motors is the control parameter.
Various simulations at different speeds were conducted.

(3) Leg-mode

In the leg-mode, there are two phases during each
step, the swing phase and the stance phase. The alter-
nating tripod gait is generated by switching between
the supporting tripod and the swinging tripod, which
makes the robot can easily overcome obstacles by ad-
justing the landing point during the swing phase. The
control parameters were listed in Tables II, and thus
the simulations at various speeds were conducted by
adjusting the step length and the step time. The time of
the swing phase (swing up phase and swing down phase)
is equal to the time of the stance phase, which means
Duty factor=50%. The torque of the left front leg when
step length=0.16m and step period=1.6s is illustrated in
Fig. 9.

For each gait/mode, the energy consumption condition
was evaluated by using an index called specific resistance
(SR) [14], which is determined by the gravity of the
robot (mg), its averaged power consumption (P), and
its averaged forward speed (v) as follows.

P
mgo (1)

Fig. 10 illustrated SR in each mode at different
velocities. Obviously, the wheel-mode had the best
performance because of its high energy efficiency. When
the speed increased in the wheel-mode, SR could still
maintain a low value. The RHex-mode had similar SR
values with the leg-mode. The tripods gait in the leg-
mode was helpful to improve the energy efficiency, but
limited the walking speed. In addition, RHex-mode could
generate a very fast speed, however, the energy loss
during the collisions affected its energy efficiency.

SR =

B. Target Object Transportation

RHex-T3 not only inherits most of RHex’s mobility,
but also can grasp and transport some objects by the
claw-mode. In detail, by performing the middle legs as
two claws, RHex-T3 converts to a quadruped robot for
grasping and transporting. In the simulations, the states
of the objects are assumed to be known. The process of
transporting can be divided into 4 steps as follows.

Step 1: RHex-T3 moves to the center position of the
captured object. The middle two legs are flipped over and
transform into two claws, and now the robot is supported

TABLE II

Control parameters of each mode

Mode Control parameters
Leg sweep angle for slow leg swing bs
RHex | Leg sweep angle for fast leg swing | 27 — ¢
Step period of RHex-mode T.
Wheel | Angular velocity Vw
Step length Ls
Leg Step period Ts
Maximum leg lift height hm
Duty factor 50%
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Fig. 9. The torque of the left front leg in leg-mode when step
length=0.16m and step period=1.6s

by the front and rear legs. The controller thus plans the
motion trajectory of grasping.

Step 2: The supporting legs then adjust the height of
the robot according to the grasping trajectory, and then
the claws tighten up to grasp the object.

Step 3: Revolve the motors to press the objects close
the body so that the object will not shift or fall during
the transportation.

Step 4: RHex-T3 evaluates the weight of the trans-
ported object according to the torque of the claw, and
thus plans the gait trajectory to keep the CoM around
the intersection of the diagonals of the supporting legs.
As a result, walking or trot gaits are generated through
the supporting legs for the transportation missions.

The simulations were conducted to verify the transport
capacity of RHex-T3 by using a cylinder with a length
of 1m of 2.7kg. Fig. 8 illustrated the sequential motions.

As a conclusion, the capability of grasping is affected
by the shape of the target objects. RHex-T3 is good at

The sequential motions of transportation
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Fig. 10. SR in each mode at different velocities

grasping some thin and long objects of uniform quality
with the maximum mass of 2.7kg, but its load capacity
is much higher than that. The transport capability of
RHex-T3 still needs to be further explored in future
work.

C. Climb Ladders

In previous research of RHex, the capability of climb-
ing stairs has been fully developed [15], however, climb-
ing ladders is still a great challenge. In this paper,
by switching to the hook-mode to imitate the praying
mantis, RHex-T3 successfully climbed the ladders in the
simulations. Two ladders were built in the simulations,
one of which is perpendicular to the ground, and the
other is at 45° to the ground. The specific parameters of
the ladders are listed in the TABLE III.

Similar to the walking gait of quadruped robots, the
strategy of climbing ladders is that RHex-T3 stays in
a statically stable state during the motion. In detail,
when the middle and rear legs are controlled to hook



-

Fig. 11.

1)
T
T

The strategy of climbing ladders

the ladder, RHex-T3 can stay in a statically stable state
even if the front legs leave the lattice, and thus the front
legs can move to the next lattice according to the inverse
kinematics and hook it, as illustrated in Fig. 11. The
process of climbing ladders can be divided into 5 steps
as follows.

Stepl: Adjust the initial posture of the robot on the
ladder so that its six legs can be firmly hooked on the
ladder.

Step2: Fix the middle and rear legs to hook on the
ladder, and then move the front legs to leave the current
lattice without being interfered by the ladder.

Step3: Further control the front legs to hook the next
lattice without collision.

Step4: Control the middle and rear legs sequentially to
leave the current lattice and hook the next lattice with
reference to Steps 2 and 3.

Step5: Return all legs back to the initial posture to
move the robot forward along the ladder, and then go
back to step 1 to repeat the cyclic process until reaching
the top of the ladder.

As the simulation result, Fig. 12 illustrated the se-
quential motions of climbing a 90° ladder and Fig. 13
illustrated the torque of the front left leg during the
climb motion. The front leg left the ladder at 0.8s and
hooked the next lattice at 1.1s. At 5.9s the robot moved
upward and then began a new cycle process at 6.7s.

Similarly, the simulation of climbing the 45° ladder
was also conducted successfully. Please refer to the
attached video for the detailed process. As a conclusion,
RHex-T3’s capability of climbing ladders is undoubtedly
excellent.

TABLE III

Parameters of ladders

Angle of Ladder 90° [ 45°
Lattice | Shape Cylinder
Bottom Radius 0.01m
Length 1m
Distance between lattices 0.12m

Fig. 12. The sequential motions when climbing the 90° ladder
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VI. CONCLUSION AND FUTURE WORK

In this paper, RHex-T3 inspired by RHex was devel-
oped by using the novel transformable mechanism. The
mechanism design of RHex-T3 and its 5 transformable
modes were introduced, and the kinematics of the trans-
formable leg was discussed and calculated in detail. Then
the simulation model of RHex-T3 was conducted based
on its mechanical structure. The properties of locomotion
in each mobile mode were analyzed and compared. In
addition, the functions of grasping, transporting and
climbing ladders were also verified through the simu-
lations.

As the future work, the prototype of RHex-T3 will be
built. The mobility inherited from RHex will be tested,
and the functions of other modes will be verified through
physical experiments. RHex-T3 still has huge potential
to be discovered in terms of flexibility and versatility.
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