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Abstract: The effects of a robotic tail's planar shape on a quadruped robot's ability to manipulate yaw
angles are examined in this research. A quadruped model that takes ground contact friction into
consideration is included in the simulation, along with tail structures that vary from a 1-degree of freedom
(1 DOF) pendulum to a six-degree-of-freedom serpentine robot. To take advantage of the tail's motion and
enhance net quadruped rotation, trajectories are generated utilizing split-cycle frequency modulation. In
order to numerically investigate the effect of trajector parameters and tail assembly on the neted quadruped
spin, quadruped and tail models are employed. The results demonstrate the value of a multi-DOF tail and
stress the significance of centripetal and tangential loads on tail trajectory planning.

1 Introduction

Animals use their tails for stabilization and movement in
the wild. In terms of movement, cheetahs can turn their
tails while running, geckos can reorient themselves when
jumping, and alligators can roll to strike prey more
effectively [1]. When it comes to stability, kangaroos
utilize their tails as a fifth leg when running, monkeys as
a climbing assist, and house cats as a means of
maintaining equilibrium. Researchers in the field of
robotics have used these findings as a starting point to
develop onboard robotic systems that mimic similar
structures [2,3] Research in robotics pertaining to
structures resembling tails has mostly concentrated on
the use of single-degree-of-freedom pendulums for a
particular task: controlling the pitch of walking,
climbing, yaw angle turning, quick acceleration/
deceleration, and stabilizing disturbances [4]. Research
on multi-DOF tails is still in its early stages. In a similar
vein, serpentine and continuum robots from the hyper-
redundant robotics domain can exhibit several mode
configurations and have structures that are essentially
similar to biological tails [5,6]. This research examines
and contrasts the net quadruped yaw rotation as a
function of inertial loading produced by planar tail
structures with degrees of freedom ranging from 1 to 6
degrees of freedom. Furthermore, it investigates how
different trajectory parameters affect the net rotation of
the quadruped [7].

2 Mathematical Model

Here we show the mathematical model of the six-
tailed and quadrupedal systems, including their
dynamics and kinematics.

* Corresponding Author: rajkumar1229@gmail.com

2.1 Quadruped and Tail Kinematics
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Fig. 1. Degree of freedom - Tail pattern

Figure 1 shows six possible tail structures that are
being evaluated for the purpose of studying the effect of
tail form on presentation. The 6 Degree of freedom tail
attached to the quadruped model that was taken into
account in this research. At first, we thought about using
a flywheel construction as well, but our early simulations
revealed that it performed far worse than pendulum
structures. This is because there are no inertial forces
produced by the flywheel's applied loading, which is
only an instant. Therefore, the imposed load with relation
to the system center of mass (COM) remains same
irrespective of the flywheel's location; the placement of
the flywheel just affects the net system COM's body-
fixed position.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Coordinates and template frames for a quadruped with
2 DOF tail

The three planar quadruped has three degrees of
freedom (DOF) which include translations in the x and y
directions and rotation denoted by ¢. Equation (1) in the
ground frame xyz defines the orientation of the
quadruped as R and the orientation of the tail base as Rz
[8,9]. The Z-axis rotation matrix for angle y is denoted
by R; (y). The tail link orientations, R%i, are likewise
stated in relation to Rg. Vectors or matrices constructed
with regard to Rjp are indicated with a B superscript.

R, = R; (o), RE. = R;(6)), i=1
Rz = RyR;(180deg), e R?‘,i—lRZ(Bi)
©)

Equation (2) specifies the position of the quadruped
as poand the location of the tail base as pp, where dg,p
represents the distance between the quadruped's center of
mass and the tail base [10], [11].

Po=1[x ¥ 01", pp = Po — do2pRox ()
0 i=1
B _ B _ B
p]'i - {p ii + LL R?,l’—lx’i > 1pL'i - p]'i +
0.5L,R% x 3)

6,R% .z, i=1
B N\ pB :
wri—1 tO0;Ry;z,i > 1

wq = YRz, wr; = { “4)

Where,

Angular accelerations agand a?_i with respect to
time.

Linear velocity vﬁ iV

linear acceleration af i af,i

The underlying assumption of tail dynamics is that
the tail has an actuation mechanism that can be used to
produce the desired tail motion, and that the inertia of the
tail completely absorbs the effect of this actuation. The
base tail loading is determined by using a recursive.

F;;  Joint forces

M;; Moments.

my; link i mass

I,,1; moment of inertia for the link iz-axis

pF p*F.

Equation (8) defines the loading of tail on the quad
(Fg.and Mp ) [12], [13]:
Fj; = {m;iaﬁi' B l "

’ F],i+1 +myal;,i<n

)

M7, =
{IZZ,L,iag,i —Di2yuiFro i=n
Mf,i+1 + 00 + ﬁfzj,i,ian,iH - 1752/,i,ipf,i'i <n
(6)
Pl2jij =P} — PLi @)
Fp = _RBFf,p My = _RBMf,l (8)

The equations governing the quadruped are specified
in Eq. (9) [14]

Where,
m mass
I, z-axis inertia
a-COM COM acceleration

Frand M. r net tail loading
Frand M, r the foot contact friction loading.
p-COMcenter-of-mass position

macom = F7T"l+ Fp, I,; =M;r + Myp )

m= mQ + Z mL‘l'
i=1

2
I, = 22,Q + mQ"pCZQ” + 2?:1 (Izz,L,i +

mL,i||pc2L,i||2) (10)
Fr=FpM,r=z-Mg+z-(Pp—Pcom)Fr (11
Pcom = (meQ + X mL,i(pB + RBpE,i)) /m (12)
Pc2o = Pg — Pcoms Peari = Ps + RePLi — Peom(13)
To mimic the static and dynamic friction effects a
stiction model is used to denotes the friction loading (Fr
and Mz r). The magnitudes of the maximal frictional
force Fg . and the moment M, r ..., can be found
using Equation (14) p is the static coefficient of friction
Ug 1s the dynamic coefficient of friction g is the
gravitational acceleration and Lr is the effective friction
moment arm [15,16]:
{#smg, lvell =0
FF max — ’
= Luamgi vl 0
UsmgGLg, ¢ =
bematy o # 0 (1
The friction loading during translation and rotation is
controlled by two variables: the contact velocity and the
tail loading. For translation, the variables are v, and F-
T. For rotation, the variables are, ¢ and M-z, T. For
vectors X = X/l X || and for scalars’ = x/|x| the
values of Fy and M, . are defined by equations (15) and
(16), respectively [17,18].

z,Fmax —

—Fr [voll = 0, IF 71l < Fr, max
Fr =4 —FF max FT ”vQ” = 0,IF7ll = Fg, max (15)
—Fr max Vg llvoll #0
—Mgr [@] = 0,|My7| < Fr, max
MZ,F = _MF, max MZ,T ¢l =0, |Mz,T| = FF,max (16)
~Mp, max @ lol # 0

In order to compute O-F it is necessary to have a
model of the distribution of contact forces among the
four feet of a quadruped. Figure 3 is a top-down quad
diagram that shows the four spots (1-4) where the quads'
feet touch the floor.



E3S Web of Conferences 547, 02009 (2024)
ICSGET 2024

https://doi.org/10.1051/e3sconf/202454702009

/
@

System
COM

/fr.z

Fig. 3. Parameters for calculating forces for foot contact and
effective length of frictional moment

szc quadruped centroid's position with respect to
the quadruped COM

umgLp The magnitude of this moment may be
expressed as given in Equation (18), which encapsulates
the geometrical characteristics of pr; and fr;in Lr [19].

In Eq (19) the proportion of the system weightage
support at bottom i is denoted as f.; Y [20]

Pri = Po + Ro(Poyc + Xpix + Yei¥) — Poom
. { 051, i={12} { 05wy i = {14}
F,i —

—05l; i={34)7Fi T |-05w; i=1{23}

(17)

2?:1 ”ﬁF,ifF,i” = pumgLg (18)
Ly = Z?=1 fC,i”pF,i” (19)

3 Numerical Modeling and Trajectory Planning

What follows is an explanation of the mathematical
model's Simulink implementation, the definition of an
extra model for the multibody dynamics system, and the
methodology for determining the trajectories of the tail
joint angles. Due to the constraints of the stiction model,
Simulink was selected to implement the system model.
In order to activate static friction in the rotational stiction
model, ¢ is adjusted to zero instead of changing sign. In
Simulink, the "state port" option of the Integrator block
permits pre-calculation of, ¢, in order to determine if the
sign would change. Instead of setting the integrator
output to zero, the model does it if it would. To
complement the Simulink model, we additionally
construct a multibody dynamics model using MSC for
the purpose of outcome comparison. The model takes
advantage of the quadruped and tail models mass
attributes and computer aided design geometry (Fig.
1(b)) to create the simulation parameters. Quadrupedal
movement is computed after prescribing trajectories of
tail joint angles and including contact friction models for
all four feet [21]. The implementation of friction is a
critical differentiator between Simulink and models. To
simulate static friction, loading must first overcome it in
the Simulink model's "pure" stiction model. However,
the model incorporates a variable coefficient of friction
that is influenced by the contact velocity between the
ground and the foot, as seen in Figure 4.

Simulink

By I //, ADAMS

Ha

Coefficient of Friction pt

Angular Velocity Magnitude |p|
| |
i | |

Qs Pa

Fig. 4. Simulink profiles of friction coefficients for stiction
and continuous models

As opposed to the friction coefficient, a discontinuity
utilizes incessant stage functions: a middle-step from 0
to u-s within the interval 0 to n-s, and a complete-
stepping from u-s to u-b within the interval 8-s to 6-d.
The quad structural design has been employed and
subsequently exported. The ankle, hip, and knee joints of
the quadruped maintain a stationary position throughout
the simulation. Following the generation of the tail
trajectory in a MATLAB script, the angular velocity of
the tail is represented by a spline. Under the appropriate
initial angle condition, the tail is subjected to the
specified angular velocity profile. By reducing the
loading direction that induces undesirable rotation, the
performance of the tail can be improved. The important
of the joint acceleration is 0 when the tail is moved
between two fixed places. But their relative magnitudes
can be changed by adjusting the relative timespan of
acceleration and deceleration. In order to command
micro air vehicles, researchers have used split cycle
frequency modulation to specify varying wing velocities
for the up and down flaps [22]. The acceleration and
deceleration of robotic tails could be achieved using this
method.

Joint Acceleration 6
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I

to t 5}

‘—+ | Time t
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Fig. 5. Profile of split-cycle acceleration
In accordance with Equation (20), A, = t; — t, has
a shorter acceleration duration and an extended
deceleration duration of A; =t, —t;. The combined
angular accelerated outline is illustrated in Figure 5. A
whole period AT and a split-cycle factor wgg which can
range from O to 1 are used to parameterize A, and A, in
Equation (21).
s (Asin(m(t —tp)/A,), to<t<t
B {—Bsin (m(t—t)/Ay), t;<t<t,

(20)
AT =t, — ty, Ay = W AT, Ay = AT — A,
(21)
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The equation (22) defines the boundary conditions
for the tail trajectory, with 6, being the initial angle and
AB being the angular displacement of the tail. The
following equation shows the expressions for A and B
that are obtained by integrating Eq. (20) using Eq. (22)
0(to) = 0o, 6(t;) = 6y + A6, O(t,) = 6(t,) = 0(22)

TAG TAG
Abg = BAg, A = wss(AT)2” 7 T (1-wss) (AT)? (23)

4 Case Study

In this part, the parameters for the simulation are defined,
the mathematical model is compared to the multibody
dynamics model, and how the tail structure and trajectory
affect the net quadruped rotation, ¢-net, is studied using
the mathematical model. Table 1 shows the quadruped
simulation parameters that were computed using the
generic quadruped structure. The parts were defined as
aluminum, and the friction parameters were estimated.
Each 300 mm long and 2.4 kg tail has a variable number
of connections between one and six. These values are
established using the tail simulation parameters (Table
2). We compare the Simulink and ADAMS models to
find out how different they are when it comes to
modeling the quadruped system with a tail. We take into
account two scenarios: a 1 and 6 DOF tail. In the IDOF
simulation with A8 = —90degrees and in the 6DOF
simulation A8 = —30 degrees. The tail joint trajectory
of each simulation is specified by AT = 0.25, 6, =
Odegrees and wgs = 0.25 with dg,p = 140.5.

14
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Fig. 6. Trajectories of the ADAMS and
Simulink are compared

The findings are displayed in Figure 6. Because of the
frictional modeling, the ADAMS model rotates more
than the Simulink model in both instances. There is no
friction in the ADAMS model wheng = 0 and u(¢) =
0. This makes the model more conducive to rotation,
which in turn increases the anticipated rotation. The
resultant quad rotating trajectory @(t) is displayed in
Figure. 7 for a trajectory specified by AT = 0.25, A0 =
—90deg, 6, = 0deg and wy; = 0.25 employing the
IDOF tail model. Figure 7 displays the
related M, 7, M, r, and I,,¢ Key points along these
trajectories are shown as A—D.
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Fig. 7. The friction and associated tail and the u trajectory and
the inertial moments for the 1DOF tail

After overcoming static friction with continuous
dynamic friction resistance, as A, M, 1 is positive we get
¢. Nevertheless, as the phase comes to a close, the
centripetal force of the tail causes M, 1 to fall below zero.
The element.is positive in B, but negative in M, . The
positive @ acts in opposition to both, M-z,T. and, M-z, F.
until it reaches zero at the conclusion of B. As soon as,
M-z, T. triumphs over static, M-z, F., the first. C
becomes negative. During D, M, r is equal to zero, but
before, ¢.=0, M,r opposes the negative,p. Two
parameters d,p and 6 govern the tail's ability to transfer
loading to the quad for a specific tail and quad. To
demonstrate M, r directly in terms of dy,p and 6, Eq.
(24) expands Eq. (13) for the 1DOF tail.
Mg = = (Igy + 0.25m, 13 %) 6+ My en

+ Mz,T,tan

M, 1 tan = effézseleff = %LLdQZB (24)
The M,r moment comprises three components: (1) the
moment of rotation, dgp,p- and B-invariant; (2) the
moment of tangential acceleration caused by the tail; and
(3) the moment of centripetal acceleration caused by the
tail. Consequently, in accordance with the intended
moment direction, the maximal joint velocities ought to
favor 8=+90 degrees, while the joint acceleration should
correspond to the intended direction, favoring 6=0
degrees.

Centripital Accuracy (rad/s%)

[ Tangential Acceleration (rad/s?)

Accuracy (rad/s?)
o
1

Tail Angle (°)
Fig. 8. An analysis of the centripetal and
tangential contributions to ().
Considering the transmission's reliance on 6 when in
motion, the beginning angle 8, is crucial for a defined
tail acceleration profile. It is required to have a tail
trajectory with AT=0.25, AG=90deg, and w,;=0.25 with
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00€[0deg,90deg] and d-Q2B.e [0,0.15]m. The joint
velocity/acceleration profiles are applied over multiple
ranges of 0, although they remain constant by adjusting
6-0. The resultant,g-net rotations for these simulation
parameters are displayed in Figure 9, with, 8-0. And d-
Q2B. being defined in 15deg and 0.025 m increments
each.

Net Quad Rotation (°)
— 8.000

7.799
7.598
7.397
7.196
6.995
6.794
6.593
6392
6.191

5.990

Fig. 9. Rotation of the net U as h0 and dQ2B vary
It is expected that as d-Q2B increases, ¢-net will also
increase, because the tail forces are amplified over a
longer duration. Based on the maximum, ¢-net occurring
mostly at, 8-0. =60deg, it may be inferred that, when
considering the beginning angle, there is a little bias in
favor of centripetal effects over tangential forces.

Effective Friction Length (m)
01980

0.1973
0.1966
0.1959
01952
0.1945
0.1938
0.1931
0.1924
0.1917

0.1910

Fig. 10. Variations in LF for h and dQ2B

Furthermore, L-F varies based on d-Q2B and 6, as
depicted in Figure 10. The highest deviation from the
median of the range is < 3%, therefore variations in L-F
have minimal effect. An analysis of the split-cycle
parameter's impact is performed using a tail trajectory
that is described by AT=0.25 s, A6=—90 deg, and, 6-
0.=45 deg with wg€[0.1,0.9]. The result of varying, ¢-
net in increments of 0.1 from 0.1 to 0.9 is displayed in
Figure 11. A higher net rotation is predicted by a
lower wgg The two main causes of this are (1) the
widening gap between the magnitudes of angular
acceleration in the desired and undesirable directions and
(2) the bias in angular velocity in the 8>0 region. The
highest speed is reached when t = wy,,qAT and
O (WmodaAT) = 0y + WipogAB. According to Eq. (24),
the required moment owing to centripetal forces
increases as the 6 associated with the maximum velocity
increases as Wg is lowered.

Net Quad Rotation (°)
o
L

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Split - Cycle Parameter

Fig. 11. Net ¢ rotation for varying w g

For a given w,g the maximum angular velocity of a
tail is affected by two wvariables: A6 and AT. To
determine the effect of the maximum tail velocity, one
uses a trajectory with the parameters wy;.=0.25 and 6-0.
=90 degrees, where ATe[0.1,0.6] and
ABe[60deg,180deg] are employed. With AT and A8
adjusted at 0.05 s and 30deg increments, Figure 12 shows
the net ¢ rotation. The expected result is that. ¢, rises
as A increases and/or AT lowers.

Net Quad Rotation (°)
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0.000

Fig. 12. Net ¢ rotation for varying AT and A@

When thinking about the compromise between A6
and AT, the centripetal acceleration becomes noticeable,
as long as the maximum velocity of the tail (248 /AT)
remains unchanged. The highest velocity is 10.47rad/s
(600deg/s) as shown in Figure 13, for various values of
AB, with an associated AT. The increased tail motion at
higher A8 values is mainly due to the centripetal forces
acting over a larger AT .

40

35+

w
<]
1

N
3]
1
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Fig. 13. A comparison of the net rotation of the tail at a
constant maximal velocity
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Selecting joint trajectories that permit a fair
comparison is a significant difficulty when comparing
tails with different degrees of freedom. In order to
achieve this, we will impose two limitations on the tail
trajectory: first, that it must move between the 2 extreme
configurations within the allotted number of tail sections
and second, that the maximum joint velocity for the
respective trajectories of the joint angles must be the
same. To suggest the velocity of maximal joint
|9max|(10.47rad/s for these simulations), and the
Equation (25) defines the A@ and the AT variables [30].
AB = —360deg/(n + 1) AT = 2A8/|6max| (25)

40

w
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1

N
o
1

Net Quad Rotation (°)
a 8
| !

o
1

o
1

o

1 2 3 4 5 6

Number of Tail Links

Fig. 14. Variable DOF tails' net ¢ rotation

As depicted in Figure 14, for a a-segment tail whose

trajectories are denoted by AT and A8 from Eq. (25),
6y, = 0.5A0, and wy, = 0.25. For a n-segment tail with
trajectories given by AT and A6 from Eq. (25), 6, =
0.5A6, and wgg = 0.25 as shown in Figure 14. Once Eq.
(4) is differentiated, it becomes clear that the angular
acceleration of each connection incorporates the
acceleration of its predecessors. As the trajectory
progresses, the radial distance between the COMs of
each link changes, causing the axial motion. At an angle
of 30 degrees, the 6DOF tail's link 6COM is 209.4mm
from the base frame, whereas at an angle of 0 degrees,
the COM is 275 mm from the base frame.

5 Conclusions

The effect of the trajectory and geometry of a yaw-angle
of plane robotic tail on the steering of quadrupeds was
investigated in this study. Enhancing our mathematical
and qualitative comprehension of the impact that tail-like
devices onboard mobile robots have on their mobility has
been the principal objective of this research. For
trajectory planning, the centripetal and tangential inertial
force loadings of the tail are roughly equivalent in
significance, with the centripetal load being marginally
more critical, according to the study. Additionally, it
demonstrated the utility of split-cycle frequency
modulation in regulating the relative magnitude of joint
acceleration, as well as the advantages of multi-DOF tail
structures. Both the designers and operators of future tail-
assisted mobile robots will benefit from this work. For
example, the optimal place to install the tail may be
optimized, and for a certain design, the best trajectory to
generate a desired yaw rotation can be determined.
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