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Abstract— This paper presents a systematical approach to
develop a novel reduced complexity quadruped (RCQ) robot
designed for serpentine robotic tail research purposes. The
critical design requirements are determined based on careful
dynamic analysis and synthesis results. Guided by formulated
design requirements and principles, a robot prototype was
designed and built. The robot has an overall weight of 5 Kg
and the body size of a domestic cat. The existing electronic
system allows a control frequency of up to 1 kHz and
accepts both torque and position commands. These features
guarantee that the platform could be used to explore the
dynamic usages of robotic tails on legged locomotion. The
preliminary tests show that the hardware can lift itself off
the ground up to 112 mm (46.7% of its body height) and
stay in the air for at least 0.3 seconds.

I. INTRODUCTION
To improve the agility and controllability of moving

robots, inspired by animals, researchers started mounting
a robotic tail on mobile platforms [1]–[18]. Although
impressive progress has been made over the past decade,
this research is somehow still in its early stages and there
are still many open problems to be solved. One of these
problems is how (if possible) a serpentine robotic tail
system [19] could help the dynamic locomotion of legged
robots since we see that in nature, with the help of the
tail, animals exhibit highly agile, aperiodic, and dex-
terous motions, such as cheetah’s complicated behaviors
during hunting [20] and kangaroo rat’s superior escaping
maneuver [21].

To explore this problem, a quadruped platform (as
a starting point, a biped is not suitable due to its
more challenging balance control) that is capable of
dynamic locomotion is necessary. However, most existing
quadruped robot platforms (e.g., the Big Dog [22],
HyQ [23], ANYmal series [24], MIT Cheetah series [25],
etc.) did not consider putting a tail on-board when
they were developed, which left them with a limited
modification space to integrate a robotic tail system, let
alone a heavier (which has more actuators) serpentine
robotic tail. Therefore, we proposed to use a reduced
complexity quadruped (RCQ) as the first step to explore
the dynamic usages of serpentine robotic tails on legged
locomotion. The ”reduced complexity” here refers to
fewer degrees of freedom (DOF) in each leg and thus less
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Fig. 1: Prototype of the reduced complexity quadruped
(RCQ) robot with single DOF legs

weight, simpler control, and better dynamic capability.
More importantly, this simplification does not sacrifice
any of the important dynamic locomotion features of
legged robots, e.g., under-actuation, ground contact, and
path constraints, which are vital components of the
original problem setting.
Besides all these benefits, a potential but unique

advantage (which needs to be verified) of the RCQ for the
serpentine robotic tail is that from a control’s perspec-
tive, these two systems may be complementary to each
other. That is, the lost controllability from the legs is
brought back by the increased controllability in the tail,
although these two controllabilities may not be the same.
If this advantage was proven to be true, it may bring
about a new locomotion paradigm for legged robots, such
that the legs are only responsible for propulsion while the
tail(s) are responsible for maneuvering and stabilization.
It is worth noting that this special locomotion paradigm
was not purely artificial. In fact, many animals have
already adopted this locomotion strategy, such as the
mudskipper [26].
The main tradeoff of the RCQ idea is that the

locomotion modes (including both periodic and aperiodic
motions) are limited by the fixed foot trajectory. For the
same reason, the design process requires more careful
analysis and manufacturing. As long as the robot was
assembled, there would be no room to adjust the foot
trajectory. However, as the first step to explore the
serpentine robotic tail usages on legged locomotion, these

2022 IEEE International Conference on Robotics and Automation (ICRA)
May 23-27, 2022. Philadelphia, PA, USA

978-1-7281-9680-0/22/$31.00 ©2022 IEEE 4664

20
22

 IE
EE

 In
te

rn
at

io
na

l C
on

fe
re

nc
e 

on
 R

ob
ot

ic
s a

nd
 A

ut
om

at
io

n 
(IC

RA
) |

 9
78

-1
-7

28
1-

96
81

-7
/2

2/
$3

1.
00

 ©
20

22
 IE

EE
 |

 D
O

I: 
10

.1
10

9/
IC

RA
46

63
9.

20
22

.9
81

18
71

Authorized licensed use limited to: to IEEExplore provided by University Libraries | Virginia Tech. Downloaded on August 11,2024 at 15:15:01 UTC from IEEE Xplore.  Restrictions apply. 



disadvantages are thought as acceptable.
Therefore, this paper aims to develop such a reduced

complexity quadruped robot platform that is capable of
fitting a serpentine robotic tail and is able to perform
dynamic motions, e.g., using the tail to help the ma-
neuvering and stabilization functions of the quadrupedal
locomotion. The main contributions of this work are
summarized as follows. First, a novel RCQ robot is
proposed to help the robotic tail research. Second, a
systematic design paradigm based on dynamic analysis
and synthesis is proposed to determine the critical design
constraints of the RCQ. Third, based on the formulated
design requirements and principles, the detailed design
of this new robot was carried out and a prototype was
built (as shown in Fig. 1).

The rest of this paper is organized as follows. Section
II systematically determines the design requirements and
design principles based on dynamic analysis. Section III
realizes the actual design based on the design constraints
formulated in Section II. Section IV validates the design
by prototyping and experiments. The conclusion section
recaps the main points of this paper and discusses the
future work.

II. DESIGN ANALYSIS AND SYNTHESIS

Although the quadruped robot is developed indepen-
dently from the tail system, these two systems are
intrinsically coupled and have to be considered as a
whole. Therefore, dynamic analysis for the complete
system must be conducted first, to determine the critical
design requirements for the quadruped system. Fig. 2
shows the workflow of the design paradigm applied here,
which mainly consists of two design iteration loops: one
dynamic analysis loop to determine the critical dynamic
parameters (e.g., tail-torso mass ratio, tail-torso length
ratio, and the system center of mass (COM) location)
through simulation, and one design iteration to make the
actual design choices. This section mainly focuses on the
dynamic analysis loop.

Fig. 2: Flowchart of the RCQ design paradigm

(a) (b)

Fig. 3: (a) The simulated quadruped model with a
serpentine tail; (b) kinematic diagram of the leg mecha-
nism together with its foot trajectory, where the dashed
portion is for the stance phase. The green arrows are the
ground reaction force (GRF) vectors.

The basic dimensions are chosen as 300 mm long, 200
mm wide, and 220 mm tall, all measured based on the hip
joint positions. The initial masses are set as 6 Kg for the
quadruped and 1.5 Kg for the tail system (including both
the tail body and its actuation unit). For comparison
purposes, the roll-revolute-revolute robotic tail (R3RT)
[27] (3 DOFs, two independent segments) was selected
as the benchmark tail system and a 20 degrees yaw
maneuver is chosen as the standard motion. The model
configuration is shown in Fig. 3a.

A. Kinematics and Dynamics
The single DOF leg mechanism is shown in Fig. 3b,

which is essentially a Jansen mechanism [28] and its
dimensions were optimized to execute a foot trajectory
for trotting [29]. Its kinematics is defined by two vector
loop equations:

−→
QD+

−→
DB =

−→
QA+

−→
AB (1)

−→
CG+

−→
GE =

−→
CB+

−→
BE (2)

where points B, C, D, and points E, G, F are collinear,
respectively. Solving these two equations together with
(3) yields the foot position ppp f and differentiating (3)
directly gives the Jacobian JJJ f of the foot position.

−→
AF =

−→
AE +

−→
EF (3)

The system dynamics of the tailed robot is formulated
as a floating base model assuming that the legs are
massless (to simplify the dynamic model). Although
the leg inertia is neglected, its motion can still induce
the ground reaction forces (GRF), which in turn drive
the locomotion of the robot. The GRF is calculated
using a soft contact model [30]. With the dynamic
model, extensive simulations using the ode45 function
in MATLAB were performed to determine the satisfied
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motion results. The detailed dynamic model, as well as
the simulation settings, were previously published in [31],
and readers are referred to this reference for more details.
Here we take advantage of the existing simulation results
to formulate the requirements for the actual design.

B. Actuator Sizing
Since the leg is assumed to be massless, the actuation

torque of the crank (part i in Fig. 3b) does not appear
in the dynamic model. However, this quantity could be
estimated from the GRF through the Jacobians of the
foot position:

τc = j f ,n f f ,n + j f ,h f f ,h (4)

where τc is the torque reflected on the crank, j f ,n and j f ,h
are the normal and horizontal components (plotted in
Fig. 4) of the foot Jacobian JJJ f , respectively. Accordingly,
f f ,n and f f ,h are the normal force and horizontal force
(ground friction) components of the GRF, respectively.
Note that (4) assumes an ideal transmission (no internal
friction) for the leg mechanism. The required torque and
power on the crank for the selected maneuvering motion
are calculated and shown in Fig. 5, where the crank speed
was a constant speed of -40 rad/s.

Fig. 4: Plots of the normal and horizontal Jacobian
components for the leg mechanism

Fig. 5: Torque and power consumption required for the
actuator

Therefore, the RCQ actuator requires a maximum
capacity greater than 600 W and a maximum torque
greater than 15 Nm. Since the actuator has both the
power and torque requirements, the actuator needs to
be selected to satisfy the motor capacity first and then
to meet the torque requirement by choosing a proper
gearbox reduction ratio.

C. Mass Distribution
Based on the results of [31], the system mass dis-

tribution is critical for the performance of the tailed
quadruped, which mainly includes three parameters: the
tail-torso mass ratio, the tail-torso length ratio, and the
torso COM location (measured along yp direction from
the rear hip axes, with reference to Fig. 3a). The first
two parameters are determined by the tail system and
therefore, for the quadruped design purpose, only the
third parameter, which was determined to be a value
from 180 mm to 330 mm, is meaningful. However, this
value is based on the assumption that all the mass of
the tail actuation module (1 Kg) is concentrated at the
tail mounting point T. In reality, this is neither practical
nor necessary. The tail actuators could be deployed along
the torso so that the tail system could be self-balanced.
Considering this practical factor, the COM of the tail
actuation module is moved to the torso geometric center
P (the distance from P to T is 190 mm). This in turn
requires a move of 190/6 ≈ 32 mm for the torso COM
location along the −yp direction, which gives the new
torso COM location range from 148 mm to 298 mm.

D. Design Requirements and Principles
Based on the design analysis results, the robot design

should satisfy the following requirements: (1) the hip
joint positions should be exactly the same as the sim-
ulation setting; (2) the robot should weigh less than 6
Kg; (3) from the simulations, the quadruped is required
to jump at least 100 mm high with a tail system.
For the quadruped system alone, this jumping height
requirement is raised to 100× 7.5/6 = 125 mm; (4) the
leg actuator should have a maximum capacity greater
than 600 W and a maximum torque greater than 15
Nm; and (5) the quadruped COM location should be
between 148 mm to 298 mm away from the rear hip
axes.

In addition to the above hard design constraints, the
design should also follow the below design principles: (1)
the robot should be as light as possible; (2) each leg
should be designed as a relatively independent module
so that the chassis could be easily changed and modified
to fit different tail actuation modules; and (3) the
quadruped COM should be at the center of its foothold
polygon at the moment of jumping and the robot should
have the design flexibility to adjust its COM location
when a tail is mounted onto the quadruped.

III. DESIGN REALIZATION
Following the design requirements and design princi-

ples, this section presents the actual design choices for
the robot.

A. Mechanical Design
The mechanical structure of the RCQ is presented

in Fig. 6, where the robot consists of five relatively
independent subassemblies: the front right (FR) leg,
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Fig. 6: Mechanical structure of the RCQ: the FL and RL
legs are in exploded views and the FR leg, RR leg, and
the chassis are highlighted to show their modularity.

front left (FL) leg, rear right (RR) leg, rear left (RL)
leg, and the chassis.

1) Actuator: Following the requirements sized in sec-
tion II-B, the actuator hardware is chosen to be an
improved version of the open-source MIT mini cheetah
actuator [32], which has a fully enclosed (ip54 level)
housing design with an overall weight of 610 g and
a reduction ratio of 6. The actuator uses a brushless
direct current (BLDC) electric motor inside, which is
equivalent to the T-Motor U8. For such a configuration,
each actuator is able to generate a peak torque of 17 Nm
and a maximum speed of 40 rad/s at 24 V (peak current
is around 30 A), which gives a total power of up to 680
W.

2) Leg Design: The legs are designed to be as light as
possible so that their dynamic effects on the body could
be minimized. To increase its strength and rigidity, the
femurs and tibias are designed to have spatial structures.
Carbon fiber tubes are utilized for the tibias to reduce
weight and rubber feet are used to reduce the landing
shock. Note that the small gearbox ratio of the actuator
(quasi direct drive) allows designing a passive (without
relying on sensor input) virtual spring-damper system
on the foot by adjusting the controller parameters. The
virtual spring stiffness on the foot is related to the
stiffness on the crank (Ka, specified by the controller)
by the foot Jacobians. Since the foot Jacobian has two
components, there are two virtual springs on the foot
too:

K f ,∗ =
f f ,∗

δ p f ,∗
=

τc/ j f ,∗
δθ1 j f ,∗

=
Ka

j2
f ,∗

(5)

Fig. 7: Motor positions are important for relocating the
RCQ COM location and thus improving its dynamic per-
formance. The red lines indicate the robot configuration
before motor relocation.

where K f ,∗ is the virtual spring stiffness on the vertical
(when * is n) or the horizontal direction (when * is
h). The δ p f ,∗ and δθ1 are the small displacements of
the foot and the crank, respectively. These two virtual
springs could be also combined into one virtual spring
K f along the tangent direction of the foot trajectory:

K f =
f f

δ p f
=

τcMA
δθ1/MA

= KaMA2 (6)

where f f and δ p f are the force and small displacement
on the foot along the tangent direction of its trajectory.
MA = 1/

√
j2

f ,n + j2
f ,h is the mechanical advantage of the

leg mechanism. Note that the f f is not the resultant
force of f f ,n and f f ,h. From the above formulation,
the virtual spring stiffness on the foot is related to
the actuator stiffness by a square of the mechanical
advantage. Properly selecting the Ka value before landing
helps to eliminate a physical spring design on the foot.

3) Motor Relocation: Since the motors constitute
most of the robot mass, their locations have a significant
influence on the system COM location. Unlike other
quadruped robots which usually have symmetric or iden-
tical actuator locations, the motor location of the RCQ
leg mechanism is naturally behind its stance foothold
locations. For instance, in Fig. 7, if the actuators were
deployed to their natural positions, the system COM
is naturally closer to the rear footholds. This causes a
serious problem that the GRF might be always below
the COM position at the moment of jumping and thus
generates a positive moment, which in turn causes a
head-up tip over motion. In fact, this COM location (150
mm) is just on the boundary of the required range, which
is risky for design choices. To avoid this problem and
to meet the design requirement, the actuator locations
of the rear legs are shifted 136 mm ahead so that the
system COM locates roughly above the midpoint of two
representative footholds, which are the front and rear
foothold locations just at the moment of jumping. This
corresponds to a crank angle of -40 degrees. The actual
COM location for the prototype measured in Solidworks
is 207 mm, which is in the safe range of the requirement.

It is worth noting that the GRF (also appeared in
Fig. 3b) generated by the foot is not exactly in the
opposite direction of the foot motion which is along
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the tangent line of the foot trajectory. In reality, the
GRF is also affected by the motions of other legs. This
makes it difficult to estimate the GRF direction and
thus to determine the COM location through theoretical
computation.

4) Powertrain: Because of the motor relocation for the
rear legs, power transmission systems have to be used.
Considering the transmitted torque and reliability, High
Torque Drive (HTD) timing belts with a 5 mm pitch, a
6 mm width, and 82 teeth, are used. Corresponding belt
tensioners (see detail A in Fig. 6) are also designed to
adjust the belt tension. All the timing belt pulleys have
the same tooth number (27 teeth) so that there is no
additional reduction ratio on the powertrain system.

5) Chassis/Spine Bay: The main function of the
chassis is to house the actuation module (spine) of the
tail system. Therefore, it is designed to be an inde-
pendent module from the legs. Their only connections
are through the backside of the actuator. This design
feature guarantees the design flexibility to fit the spine
and adjust the overall COM when different tails were
integrated into the quadruped.

B. Electrical Design
The schematic diagram of the RCQ electrical system

is shown in Fig. 8, which mainly consists of two signal
flows: a 24 V power supply signal flowing from a 7S1P
LiPo battery (5 Ah capacity, 125 A continuous discharge
rate, and 175 A burst discharge rate) into a power
distribution board (PDB) to drive the four actuators,
and a 3.3 V Controller Area Network (CAN) bus signal
flowing between the microcontroller unit (MCU) and the
motor drivers to send and receive control commands.
The PDB also provides a 5 V power supply for the
MCU and measures the current drawn from the battery.
For the current design, the MCU is only responsible
for simple control, collecting sensor data, and packaging
CAN commands. The actual computation and higher-
level control happen on the host computer. For future
upgrades, a single board computer may be used so that
all the real-time control and command packaging could
happen on the robot.

Fig. 8: Electrical system diagram

C. Low Level Control Structure
The controller architecture is similar to most mecha-

tronic systems and consists of two control layers: a
motion control layer to coordinate the motion of different
joints and a joint control layer to track the individual
joint trajectory. In the RCQ hardware, the joint control
happens in the motor driver and is programmed to accept
the torque command directly and/or the position com-
mand through a PD controller. Unlike other quadruped
robots, one unique feature of the RCQ leg mechanism
is that its crank requires a continuous rotation (instead
of the back-and-forth motion for most quadruped robot
actuators). This special feature requires the actuator to
accept only incremental position commands, due to the
limited size (0 - 64 bits) of the standard CAN frame.
The CAN transceiver runs at a baud rate of 1 Mbps and
each control loop consists of sending one command frame
(around 120 bits) and receiving one sensor frame (around
100 bits). Therefore, after adding spaces between frames,
to control four actuators using one bus, the maximum
control frequency is 1M/250/4 = 1k Hz.

IV. EXPERIMENTS
The robot prototype is shown in Fig. 1. All the cus-

tomized metal parts were made out of 6061-T6 aluminum
alloy by a desktop Computer Numerical Control (CNC)
milling machine with an accuracy of 0.01 mm. All the
customized plastic parts were made out of Acrylonitrile
Butadiene Styrene (ABS) using a 3D printer. The proto-
type weighs 5 Kg and has an overall height of 240 mm,
an overall length of 440 mm, and an overall width of 220
mm. The following sections verify that the built robot
meets the design requirements through experiments and
simulations.

A. Jumping Ability
Since the robot is mainly developed for performing

maneuvering (which requires the quadruped to be able to
jump) and stabilization (which requires the quadruped
to be able to walk) tasks after the tail is integrated,
jumping ability is a critical metric to evaluate the
design effectiveness, due to its higher requirement on
the hardware’s extreme performance. To conduct the
jumping experiments, a high-speed camera (120 frames
per second) and cardboard with a known grid size
(50mm×50mm) were used. The robot crank angles were
all set to -40 degrees, and a point-to-point position
command of 2π with a proportional gain of 10 and a
derivative gain of 1 was sent to each actuator simultane-
ously. Fig. 9 shows six snapshots of this jumping motion.
Based on the camera recording, the jumping height was
determined to be around 112 mm, which is 46.7% of its
body height. The robot can stay in the air for at least
0.3 seconds. It is concluded that the jumping height is
slightly under the design requirement.

To evaluate the jumping behavior, further comparisons
to a simulation were also conducted. The simulation used
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Fig. 9: Snapshots of the RCQ jumping motion (background wall is a 50mm×50mm grid cardboard)

the same simulation environment as in section II with the
exception of adapting all the parameters (without tail)
based on the real robot. Fig. 10 presents the two COM
trajectories from the simulation and the experiment,
where the pp,y and pp,z are the y and z component of the
point P position, respectively (referring to Fig. 3a). The
experimental data were obtained by manually counting
the pixels of each frame. Therefore, the accuracy of the
experimental data is estimated to be 5 mm. From the
comparison, it can be found that the robot hardware
tends to jump upward instead of forward. However, this
tendency is preferred since, for the maneuvering task,
the quadruped remaining longer in the air provides more
time for the tail to swing in order to reorient the robot
mid-air.

Fig. 10: Comparison of the COM trajectories for the
experiment and the simulation

B. Tail Integration Ability
To show that the chassis/spine bay has the required

room to fit the tail system, a tentative tail integration
design was made. This design follows the design require-
ments from the simulation results in section II. The
spine weight and dimensions were estimated based on
the existing hardware of the R3RT [27] even though a
smaller version may be used in reality. This gives a total

weight of 1.95 Kg (three 100 W Maxon EC-i 40 motors
plus gearheads) and an overall diameter of 90 mm for the
spine assembly. Fig. 11 illustrates the tentative design
where the red components constitute the actuation unit
(spine) of the tail. It is shown that the system COM after
integrating the tail is also located close to the foothold
polygon center. It is worth noting that the original mass
requirement for the spine is less than 1 Kg. The extra 0.95
Kg is from the saved 1 Kg weight from the quadruped
(which ended up being 5 Kg instead of 6 Kg).

Fig. 11: One design example to integrate a typical
serpentine robotic tail on the RCQ

V. CONCLUSIONS
In this paper, a quadruped robot platform that was de-

signed for serpentine robotic tail research was developed.
A systematical approach based on dynamic analysis
was used to determine the critical design requirements
and principles. Following the design requirements, a
detailed design was carried out and a complete, func-
tional prototype was built. Jumping experiments and
corresponding simulations were conducted to verify the
design requirements and to evaluate its performance. The
results showed that the quadruped robot is able to jump
to 46.7% of its body height and stay in the air for at
least 0.3 seconds, which is sufficient for the maneuvering
task when a robotic tail is integrated on the platform.
Our ongoing work includes integrating a serpentine

robotic tail on the quadruped robot and developing a
motion controller for the maneuvering task (airborne
righting), which may require an upgrade to the elec-
tronics as well as some modifications to the spine bay
design. Various gaits (e.g., bounding and trotting) will
be also explored for the integrated robot. Since the long-
term goal of this project is to explore the tail functions
on general legged robots, integration and control of a
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serpentine robotic tail on a general quadruped robot
platform (e.g., the Mini Cheetah robot [32] or the Solo
quadruped robot [33]) will be also an important future
work.
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