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Dynamic Model and Experimental Validation of a Haptic Robot based
on a Flexible Antenna mounted on an Omnidirectional Platform

Luis Mérida-Calvo!, Marfa Isabel Haro-Olmo! and Vicente Feliu-Batlle?

Abstract—The development of new measurement systems
for mobile robots has been a growing interest in recent
years, particularly tactile systems based on bioinspired sensor
antennae, such as whiskers and antennae found in animals
and insects. This work focuses on studying a mobile robot
equipped with such systems. Specifically, a dynamic model is
developed for an omnidirectional robot with a sensing antenna,
considering the planar motion of the system and taking into
account the gravity effect. The extended Hamilton principle
is applied to derive the equations of motion for the mobile
platform, while the boundary-value problem is formulated for
the antenna. Subsequently, modal analysis is employed to obtain
a unique solution for the sensor antenna model, which is then
validated using experimental data.

I. INTRODUCTION

Haptic technology is a field of study that began to be
explored in the 1990s [1]. It has been the subject of research
in robotics in recent years for the development of various
haptic measurement systems, such as whisker-type systems
[2] or antenna-type systems [3], with the aim of performing
inspection and recognition tasks. Compared to other tech-
nologies such as LiDAR, camera vision systems or ultrasonic
sensors, haptic technology offers better results in inspection
tasks that need to be carried out in environments with poor
visibility, due to smoke, humidity, or suspended particles.
Furthermore, haptics provides additional information, such
as surface rugosity and mechanical impedance, that vision-
based systems might miss.

We are developing a prototype called Mobile Robotic Hap-
tic System (hereafter denoted as MRHS) which consists of
an omnidirectional mobile platform equipped with a robotic
haptic antenna system. It has been previously presented in
[4], [5]. The platform is equipped with four motors that drive
four omnidirectional wheels, providing the system with the
ability to move in all three degrees of freedom independently
on the ground (holonomic system). A robotic antenna is
mounted on it, consisting of a slender flexible rod, two
motors (providing azimuthal and attitude degrees of freedom)
and a force-torque sensor. This haptic measurement system
has been previously developed in [6]. The objective is to
perform recognition tasks while the robot navigates through
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a specific environment, moving freely using the platform and
taking haptic measurements with the antenna.

The antenna equipped in the system is a slender,
lightweight carbon fiber rod, designed to minimize the
effort required by the motors to execute fast and precise
movements. Due to its flexible and lightweight nature, any
slight movement induces vibrations. These vibrations are
amplified when antenna movements are combined with the
movement of the mobile platform. This vibration introduces
imprecision in determining the position of the tip of the
antenna, thereby hindering the precise reaching of a target
and the performance of recognition tasks. Consequently,
obtaining a dynamic model that accurately reproduces the
antenna’s displacement and vibrations is crucial for designing
a position control system capable of precisely positioning the
tip and eliminating undesired vibrations.

Modeling the dynamics of the proposed sensing antenna is
equivalent to that of a flexible link whose base is moved. This
problem has been approached using several techniques, as
seen in [7]. Focusing on studies that obtain the model of the
flexible link considering its continuous nature, some authors
consider a single rigid motion at one end of the link. For
example, in [8], [9], a rotation at the base is considered, while
a translation motion is defined in [10], [11]. Rotation motion
and translation at the base are considered simultaneously
in [12]. A problem similar to the one addressed in this
article is studied in [13], where three degrees of freedom
are considered at the base of the link. However, they only
formulate the boundary condition problem of the link, which
has a mass at the tip and is excited by a distributed force. On
the other hand, [14] considers the same number of degrees
of freedom including a mass at the end of the link too but,
in this model, both transverse and axial deflection in the
horizontal plane are studied neglecting the effect of gravity.

In this work, the dynamic model of the system comprising
the mobile platform with the haptic system is developed and
validated experimentally. The considered motion is restricted
to the vertical plane (longitudinal and vertical translations
and antenna rotation), including the gravity effect. This
motion is a simplification of the real system, which, as
mentioned earlier, has 3 degrees of freedom for the platform
and 2 for the rotation of the antenna, but it includes the
most characteristic issues required to model the real system.
Compared with the studies mentioned above, this work
advances the state of the art by considering three degrees of
freedom, the gravity effect, the dynamics of the entire system
(including robot actuators) and experimentally validating the
resulting model. For this development, the extended Hamil-
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ton principle is applied, obtaining the dynamic equations of
the entire system and setting the formulation of the boundary
conditions to solve the partial differential equation (PDE)
that models the antenna. Subsequently, this PDE is solved
along with the boundary conditions, also known as the
boundary-value problem. Table I summarizes the comparison
between the related studies and the present work.

II. ROBOT SETUP

The omnidirectional robot is equipped with four Mecanum
wheels, also known as Swedish wheels, with rollers set at
45°. These wheels grant the robot the capability to move
independently in any direction on the ground. However,
while in motion, the wheels introduce a significant undesired
vertical vibration due to the gaps between the rollers. As
the motor of each wheel rotates, it causes the wheel to
turn, resulting in the rollers making contact with the ground
sequentially and inducing a slight vertical displacement. This
disturbance is then transmitted through the platform to the
antenna, causing it to vibrate. The impact of this phenomenon
on the antenna depends on the angular velocity of the motors
and the phase difference between the angles of each wheel.

Simulating this phenomenon and comparing it to real
experimental data is exceptionally challenging because each
wheel exhibits its own backlash, resulting in varying phases
between motors. To resemble this phenomenon consistently
during experiments, a new set of wheels has been designed.
These wheels are circular structures that lack rollers but
but feature an eccentric axle. This eccentricity induces a
vertical movement in the platform (similar to cam mecha-
nisms) that is easily reproducible both in experimentation and
simulations, facilitating the model validation. This design
exaggerates the behavior of omnidirectional wheels rather
than replicating it.

Thus, the MRHS with eccentric wheels is shown in
Figure 1. It equips four DC motors with 1 : 75 reduction gears
and incremental encoders with 4-1.2°/pulse precision for the
eccentric wheels. Driving the haptic system (sensing antenna)
there are two harmonic drive DC mini-servo actuators PMA-
5A motor sets that include zero backlash 1:50 reduction gears
and incremental encoders with +0.007° /pulse precision. The
haptic system is composed of a slender carbon-fibre rod
(the antenna) attached to a six-axis force-torque (FT) sensor
ATI FTD-MINI40. The inner current loop of each motor is
controlled by Maxon ESCON Module 24/2 servo controller
boards. All the system is controlled by a National Instru-

ments Field-Programmable Gate Array (FPGA) Compact
RIO control board (sbRIO-9631), powered up by a 22.2V
LiPo battery and communicated via WiFi Router to a host
computer. This control board is responsible for reading the
encoders and the FT sensor, as well as sending control signals
to the servo controllers of the motors, operating with a period
of 10 ms. In addition, the control board feeds back the
encoder signals to implement closed-loop position controls
of each motor.

Fig. 1.

MRHS equipped with eccentric wheels

III. SYSTEM MODELLING

Figure 2 schematizes the MRHS system. All movements
of the system are constrained to the vertical plane defined by
the inertial system (Xo,Zp). The mass of the entire system
(omnidirectional platform plus antenna system) is M, and
displaces along the Xy axis due to the rotation of the wheels,
denoted as 6/ (t), caused by the motor torques I, (¢) applied
to each wheel by its respective motor. Each motor/wheel
is denoted as i = 1 (Front-Left), i = 2 (Front-Right), i =3
(Back-Left) and i = 4 (Back-Right). These motor torques
collectively produce the applied horizontal force F,(¢). Each
wheel has radius R and is attached to the motor rotating
axle with an eccentricity denoted as e, causing a vertical
displacement of the robot along the Z; axis. Considering
gravity g effects, a reaction force appears between the system
and the ground, denoted as F,(r). Furthermore, the haptic
system, composed of an antenna attached to a motor, is
placed in front of the platform at a distance d and an angle &
with respect to the center of mass. The antenna is modeled as
a flexible link of length L, linear density p, Young’s modulus
E and area moment of inertia /. The motor of the antenna
has a rotational inertia J, and produce a torque I';(¢).
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Fig. 2. System Scheme
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The following reference frames or coordinate systems are
considered: an inertial system (Xo,Zp) and two non-inertial
systems, (Xp,Zp) and (X,Z). The inertial frame is defined
such that Zy has the opposite direction to gravity g. The
system (Xp,Zp) is fixed to the platform and placed at the
center of mass of the MRHS, while the system (X,Z) is
defined at the center of the antenna’s motor axle, oriented in
such a way that the X axis is aligned with the antenna without
deformation (as a rigid link). The horizontal displacements of
(Xp,Zp) and (X,Z) with respects to (Xo,Zy) are defined as
pp(t) and p,(r) respectively, and the vertical displacement
as hy(¢) and h,(t). The angle between (X;,Z,) and (X,Z)
corresponds to the motor angle, defined as 6,(¢), being
positive angles defined as anticlockwise.

Concerning the (X,Z) frame, the deflection of the link due
to its flexibility is defined as w(x,t). This deflection consist
in the distance from any point x of the link to the frame
(X,Z) in the Z direction at the instant 7. In this way, the
movement with respect to (X,Z) is similar to a cantilever
beam. Furthermore, an hypothesis is made in which the
deflection w(x,t) of the antenna is described by the Euler-
Bernoulli beam theory [15] under the following assumptions:

1) The material of the link is isotropic, homogeneous, and
exhibits linear elastic behavior.

2) The deflection w(x,t) is small compared to x, so that
arctan (@) is approximated as @

3) The lateral deflection (produced outside the vertical
plane) is not considered.

4) The cross-section of the link remains flat and perpen-

dicular to its axis after deformation.

In addition, due to the first assumption, a first-order
analysis can be conducted [16]. Thus, the forces acting
are considered on the undeformed link, and the principle
of superposition is applied. Moreover, internal and external
frictions of the link are not considered.

Some other assumptions regarding the mobile platform
are made: (1) the angle between (X;,Z;) and (Xo,Zp) cor-
responds to the platform pitch angle, which is considered to
be constant and equal to zero, (2) the robot moves due to
the torques applied by each motor to its respective wheel,
assuming perfect grip between the wheels and the ground,
so no sliding nor skipping are considered, and (3) the drag
force and rolling resistance are considered negligible.

A. Kinematics

Considering the eccentric wheels, the kinematics of the
robotic platform is:

pp(t) = —6,(t)-R+e-cos(6,(t) + @) (1)
hy(t) = R+e-sin(6,,(t) + @) (2)

being ¢ the phase of the wheel. Based on (1) and (2) the
following vectors with respect to the frame (Xy,Zp) can be
defined:

oy

raf) = 1(1) +d {CF’SW)} _ [pam} “
cos(6,(1)) sin(8

r(6,f) = Ta(t) +x Lin( o (;))] (1) [‘CO:E o ;?] )

where 15,(¢) € R2*! defines the platform center of mass,
ra(t) € R>*! indicates the center of the antenna’s motor
axle and r,(x,7) € R*>*! defines the position of a differential
element of the antenna at a point x relative to the coordinate
system (Xo,Zp). Finally, Equation (5) determines the kine-
matics describing the movement of the tip of the antenna
(92 (0), 1 (O)]T = 1,(0) = 1o (L).

(
t

B. Dynamics

1) Obtaining the system equations of motion: The dy-
namic equations of the system are obtained by applying the
Hamilton principle [17], [18], which can be expressed as:

/t2(6T75V+6W) dr =0 ©6)

I

where 6W is the virtual work produced by the applied
forces, and 6T and 6V are the variation in kinetic and
potential energy, respectively. These variations are obtained
with respect to the following generalized coordinates: p;(t),
hy(t), 84(¢) and w(x,1).

First of all, the kinetic energy of the system is calculated.
Considering vectors (3), (4) and (5), the kinetic energy of
the system is obtained operating the following expression:

L
T = %Mbtg(t) Ep(1) + %Ja(-)az(t) + %/0 prT(x,1) - Ey(x,1) dx

(N
where the time derivative is denoted as ( ~ ). Here, the first
term corresponds to the energy associated with the translation
of the platform, the second term corresponds to the rotational
energy of the antenna’s motor, and the last term corresponds
to the movement of the antenna itself.

Regarding potential energy, it is defined as a sum of two
components: an elastic one, V,, due to the flexibility of
the antenna, and the other due to gravitational effect, V.
Considering the hypothesis of the antenna being an Euler-
Bernoulli beam, the elastic potential energy of the link can
be described by:

1 L "
vV, = 5/0 EI(W'(x,1))” dx (8)

where (/) indicates the derivative with respect to the variable
x of the frame (X,Z).

The gravitational potential energy of the antenna is defined
with respect to the undeformed link, as per the assumption
of the first-order analysis:

L
V, = eMyhy (1) + /0 4P (hs(0) + dsin(@) + xsin(0(1)) ) dx
9

where the first term corresponds to the mobile platform and
the second one to the antenna.
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Finally, work variation is defined as:
OW = Fu(t)8pp(t) + Fy(1)Shp(t) +
/ gpcos(0,(1))dw(x,t)dx

where the first three terms represent the work generated
by the forces F(t), F.(t), and the torque I',(¢). The last
term reflects the work generated by gravity in relation to the
displacement of the antenna.

When calculating the variation of energies and applying
Equation (6), an equation dependent on the virtual dis-
placements of the generalized coordinates Spp(t), 8hy(t),
66,(t), and dw(x,t), and the spatial derivative ow'(x,t) =
% [6w(x,?)], is obtained.

On one hand, by assuming that the displacements dp;(t),
Ohy(t), and 0 6,(¢) are arbitrary, the sum of their coefficients
must be equal to zero. Thus, three equations are obtained that
model the dynamics of the mobile platform and the motor
that moves the antenna:

(My+pL) jy (1) p/ (x, 1) dxsin(6,(1))

p (Lzsm( +/ w(x, 1) drcos(6u(t ))) b.(1)
2 .

_p (Lcos(e (1) — /O Lw(x,t)dxsin(ea(t))> 62(1)

[a(1)864(1)
(10)

—p / 1, ) dx 8,(1) cos (8, (1)) = Fo () (11)
0

(My+pL) (1) p/ (x,1) drcos(8, (1)) + g (My + pL)

+p (chos(ﬂ 1) —/OLw(x,t)dxsin(Ga(t))> 6.(1)
L2
—p <sm(

s / (1) dx B (1) sin(8, (1)) = F (1)
0

+/ (x,t) dxcos(8,(t ))) 6:(1)

12)

( +pL3) —i—p/ xth)dx—i—gpL—zcos(G (1))
12
—p(sm(

L’ L , .
+p <2 cos(0,(1)) —/0 w(x,1) dxsm(Ga(t))) hy(t) = F(al(;))

+/ w(x,1) dxcos(0,(t ))) Po(t)

Equations (11)-(12) describe the movement of the robotic
platform meanwhile equation (13) corresponds to the motor
of the antenna.

On the other hand, virtual displacement Sw(x,) is ar-
bitrary over the domain 0 < x < L. Thus, the following
expression is obtained:

EIW" (x,1) + p( (x,1) +x0,(t) — (1) sin(8,(1))

i (1) c0s(6,(1)) ) = ~gpcos(6,(1))  (14)

which is equivalent to the Euler-Bernoulli beam equation.
Furthermore, it is assumed that Sw(x,7) and ow’(x,7) or their
respective coefficients are equal to zero at the limits x =0
and x = L. Then, the boundary conditions that allow solving
equation (14) are obtained:

w(0,7) = 0;
w”(L,t) =0;

w(0,t) =0
W/”(L, t)

5)

0 (16)

where (15) corresponds to a fixed beam condition at the
base of the antenna and (16) to a free end condition. The
set of equations (14)-(16) is known as the boundary-value
problem. The solution to this problem results in a set of
infinite ordinary differential equations dependent on time that
model the behavior of the sensor antenna.

2) Solving the boundary-value problem: Modal analysis
for continuous systems [17] is applied in order to obtain
the mathematical model that describes the behaviour of
the antenna. Therefore, first, the method of separation of
variables is applied and the eigenvalue problem is solved.
It is assumed that, applying the separation of variables, the
deflection can be expressed as:

w(x,t) =

Mg

Wi (x) i (1) amn

i=1

where y;(x) are known as characteristic functions or normal
modes of a beam, and ¢;(¢) are the harmonic functions
of time. The solution of the normal modes is obtained
by solving the eigenvalue problem, obtained by applying
the relation (17) to equations (14)-(16) and imposing that
the external excitations are null. Therefore, the eigenvalue
problem is:

Ely}" (x) — o7 pyi(x) = 0 (18)
vi(0)=0; w/(0)=0 (19)
v/(L)=0; y"(L)= (20)

where @; is the vibration frequency obtained from the
following characteristic equation:

14 cos(L)cosh(BL) =0 (21)

that is solved numerically and have infinite solutions B =

2
(05
’—Ip. General solution of (18) is:

Cy;sin(Bix) + Caicos(Bix)+
Cs;sinh(Bix) + C4; cosh(fix)

Wi(x) =
(22)
where Cy;, Cyi, C3; y Cy4 are obtained from the condi-
tions (19)-(20) imposing that the solution of ;(x) is non-
trivial. Thus, the following expression is obtained:

Wi(x) = Cui[(cos(Bix) — cosh(Bix)) (sin(BiL) — sinh(BiL))
— (sin(Bix) — sinh(B;x)) (cos(B;iL) — cosh(f;:L))] (23)
where Cy; is calculated using the orthonormality condition:

p [Cwitowswan="E5 [urow) e =a,

24
o (24)
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being A;; the Kronecker delta and i,j =1, 2, ..., o

After solving the eigenvalue problem, the solution to equa-
tion (14) is derived using the expansion theorem, resulting
in a set of uncoupled ordinary differential equations in terms

of ¢;(t):
Y 85 (80)+ 0200)) = - [ wdach) @)
& ij\ Qi i Vi =P 0 Yj a

—p /oL v;(x) dx (gcos(@a(t)) + iy (t) cos(8,(1))
— By(t) sin(ea(t)))

where i, j=1,2, ..., co.

Finally, the dynamic model of the antenna is obtained
by truncating the number of vibration modes to n. Thus,
defining the vectors @ (¢) = [¢1(z) ¢2(t) -+ @u()]Ty W(t) =
[wi(t) wa(t) --- w,(t)]T belonging to R"*!, the following
expression is obtained:

16(1) + W (1) = Pu(r) (26)
where I € R™*" is the identity matrix and
W =diag (o}, @3, ..., ©F) € k™" (27)

L
Pop [ [ W) —w() —ew()] drea

. (28)
0,(t)
- |pozan s o
cos(0,(1))

The variables measured from the model are: the coupling
torque, measured at the base of the antenna:

Le(t) = —EIW'(0,1) = —EIY"(0)T9 (), (30

and the deflection of the antenna measured at the tip (x = L)
with respect to the system (X,Z):

w(L,t) = w(L)T9(t)

In conclusion, equations (11)-(12) model the dynamic
behavior of the mobile platform, (13) represents the equa-
tion governing the motor that moves the antenna, and (26)
provides an approximation of the antenna’s behavior, as
it is truncated at n modes. Together, these four equations
constitute the dynamic model of the system.

€1y

C. DC motors dynamics

The general equation describing the dynamics of any DC
motor of the system is:

nj ki V(1) =J;-8;(0) + v 0;(1) +TL(0) +T4()  (32)

where I'; () is the useful or resultant applied torque, n; is the
reduction gear ratio, k; is the electromechanical constant of
the motor servo amplifier system, V() is the motor input
voltage, 0;(t), J;, v; and 1"? () are the angular position,
inertia, viscous friction and nonlinear friction of the motor,
respectively, and j denotes the system as j = w (mobile
platform motors) and j = a (antenna motor).

The torque F;?(t) can be considered also as the torque
employed to move the system driven by the motor. Consid-
ering it, along with F]f- (1), as disturbances to the system, the
Equation (32) can be rewritten to obtain a transfer function
between the input voltage and the motor angle taking Laplace

transforms:
njkj

0;(s) T Aj

](S) V(s) s2+%,s S'(S+Bj)
J

(33)

Assuming perfect grip of the wheels, a displacement of the
robot along the Xy direction implies all four motors turning
the same angle, 6. (t) = 6,,(¢), Vi. Along with this, assuming
homogeneity between motors in physical parameters, all
motors provide the same amount of torque, I, (¢) = I, (¢),
Vi, being T, (t) = ny, - ky, - V (¢). Thus, the applied force F,(r)
to the mobile platform can be approximated to:

)
R
where R is the radius of the wheels and T (¢) is the resultant
applied torque that can be considered as a disturbance in
Equation (32). Thus, the disturbance effect I'%(f) to the

system defined by Equation (33) is calculated as:

F,(t) =4 (34)

F,(t)-R

T (1) = “T

where F,(t) is the applied force described by Equation (11).

Following the same procedure, the resultant applied torque
to the antenna I'%(¢) is calculated as:

(35)

L(t) =Ta(t) = Ja- Oa(t) (36)

being I'4(¢) the applied torque to the antenna described by
Equation (13). In this case we substract the inertia of the
motor from the term because it is already considered in the
model of the motor defined by Equation (33).

IV. CONTROL SCHEMES OF THE MOTORS

The control schemes governing the motors of both the
mobile platform and the antenna consist in a K. proportional
regulator plus a compensator to overcome nonlinearities
affecting each motor. The model scheme of the motors, the
process to identify all parameters (including nonlinearities)
and the design of the compensator are described in [4], [5].
The parameters of the motors and control loops are indicated
in Table II.

TABLE I
PARAMETERS OF THE CONTROL LOOPS OF THE MOTORS

Parameter Wheel’s Motors Antenna’s Motors
A 8.698 11956
B 42.857 200
L (s) 0.020 0.010
v} 340 18
vE 18.6 0
Viar 3567.2 4000
K. 40 0.45
vy 350 0
emin (°) 1.2 0.17
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V. MODEL VALIDATION

In this section the dynamic model is validated by com-
paring simulation and experimental results. The Equations
(11), (12), (13) and (26), along with the motor dynamics of
(32) and (33) and their respective control schemes, constitute
the dynamic model of the entire system. Simulations are
conducted in MATLAB/Simulink. The dynamics of the mobile
platform motor control schemes along with (11) and (12)
through (35) and the kinetic Equations (1) and (2) simulate
the mobile platform displacement p;(¢), /i, (¢) in the (Xo,Zo)
frame. The dynamics of the antenna motor control scheme
along with (13) through (36) simulate the motor angle 6,(¢).
Finally, these results are processed through (29) to simulate
the movement of the antenna by (26) truncating the number
of vibration modes to n =4 (considering a wide range of
frequencies), obtaining the coupling torque of the antenna at
the base, I'c(#) (30) and the position of the tip p;(t), h(z)
in (Xo,Zp) through (31) and (5). Table III summarizes the
main system parameters involved in these simulations and
described in Section III.

TABLE III
SYSTEM CHARACTERISTICS
Parameter Quantity Units
M, 3.50 kg
R 0.0272 m
e 0.005 m
0] -90 deg
d 0.156 m
[0 24.17 deg
L 0.474 m
p 53%x1073 kg/m
E 1.15x 10" N/m?
I 7.54%x 10713 m*

A. Design of the trajectories

During a typical recognition task, the MRHS moves for-
ward with determined velocity and acceleration, while the
antenna scans the space in front. Considering the physical
limitations of the equipment and the maximum accelerations
that can be generated, the reference trajectories pj(¢) and
6 (¢) are designed. The reference pj(r) consists in a dis-
placement of the mobile platform along Xy. Assuming perfect
grip of the wheels, the input trajectory to the control schemes
of the mobile platform motors, 6(¢), is calculated from the
reference pj(¢) by numerically solving Equation (1). On the
other hand, the reference 6.(¢) consists in a rotation of the
motor of the antenna, which moves the haptic system in
such a way that the antenna sweeps the space in front of
the robot. The combination of both references performs an
object-searching task, scanning for any object in front of the
robot.

B. Simulated and experimental results

Experiments are conducted where the MRHS prototype
undergoes the designed references. The experimental data is
recorded by various systems. Robot and tip of the antenna
positions are measured by an optical camera-based system
called Qualisys. Angle of the motors are registered by the

equipped encoders. Finally, the coupling torque is measured
with the FT sensor at the base of the antenna.

Figure 3 represents the results of py(r) and k(7). Simu-
lation matches experimental data with a root mean square
error (RMSE) of just 4.48 mm for py(f) and 0.36 mm for
hp(t). These results demonstrate that the controllers of the
motor angles are working as planned, even when considering
the dynamics of the platform as an input disturbance. Fur-
thermore, the assumption of perfect wheel grip is confirmed,
as evidenced by a steady-state error lower than 1%. Thus,
the system exhibits no unexpected behavior, such as lateral
deflections or platform pitching.

06
__04f
g
& 02 E.Xperin‘lent
Simulation
— — — Reference
0 : L 1 |
0 1 2 3 4 5 6
0.03 -
£
< 0.025 -
0.02 . L L L L |
0 1 2 3 4 5 6
Time (s)
Fig. 3. Simulated an experimental results of pj(¢) and h(r)

Similarly, Figure 4 plots the results of the antenna motor
angle 6,(¢). The RMSE between simulation and experimental
data is just 0.18°, proving the effectiveness of the control
scheme.

20
Experiment
15 Simulation
— — — — Reference
<10
<
5
0
0 1 2 3 4 5 6

Time (s)

Fig. 4. Simulated an experimental results of 6,(t)

Figure 5 displays the coupling torque I'.(¢) results. Dif-
ference at the beginning between simulation and experiment
is due to unnoticeable input reference variations, as the
antenna is very sensitive. To evaluate the goodness of this
result, the Fast-Fourier transform (FFT) is applied to both
simulation and experimental data. It is observed that the
first frequency vibration mode of the antenna matches at 10
Hz in both cases, and the second frequency is negligible.
This demonstrates that considering more than n = 1 vibration
modes in (26) to accurately model antenna behaviour is
unnecessary.

Finally, Figure 6 depicts the results of the antenna tip
positions p(¢) and #(¢). In this case, simulation matches
experimental data with a RMSE of just 2.88 mm for p,(7)
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and 0.64 mm for /,(r). These results confirm the goodness
of the system model, being able to replicate the behaviour
of the tip of the antenna accurately.
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VI. CONCLUSIONS

In this work, the dynamic model of a haptic system
composed of an omnidirectional robot and a flexible antenna
has been developed. The contribution of this paper has
been modelling the interaction between the displacement and
vertical oscillation induced by the mobile platform’s wheels
and the flexible antenna mounted on it. Such oscillation
induces a detrimental vibration in the antenna that impedes
its use for detection and recognition tasks. Then modelling
these dynamics is of paramount importance in order to
design a controller that removes such antenna vibrations.
Such model has been obtained by applying the extended
Hamilton principle and is general in the sense that includes
the gravity effect and an arbitrary number of vibration modes
of the antenna. This model has been validated by comparing
its simulated results with experimental data, proving that
considering only one vibration mode is sufficient. Both
simulation and experimental results have been obtained using

reference trajectories that are designed according to the
physical limitations of the system. Our future work is using
this model to design a control system that cancels these
vibrations.
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