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Abstract

This paper demonstrates the feasibility of robotic navi-
gation through a force sensor systems with variable stiffness
using sinus hairs, vibrissae or whiskers. The main objective
of this work is to present the trajectory control of a terres-
trial wheeled robot using a variable stiffness sensor system
(VSS) in contact with a surface. Results include a proposal
of a mechanic variable stiffness control working as a surface
sensor for a robot applied as an alternative of navigation for
future developments.

Index Terms — Variable stiffness, tactile sensing, tra-
jectory control, sensor system, robotics, navigation.

1 Introduction

When an object is touched by a sinus hair, contact forces
arise in a small region along the vibrissal length. These can
be approximated as a load deflection point. When whiskers
of mammals protract against obstacles [1], they tend to slip
in different directions according to their kinematic trajec-
tory, intrinsic curvature, geometry, and twisting. The deflec-
tion of all whiskers at the same time in the edge of an ob-
stacle produces a resonance oscillation represented by qua-
sistatic bend damping vibrations without superposition [2].

Based on the approach presented above, the purpose of
this paper is to illustrate the biomimetic effect of vibrissae
sensing in the locomotion parameters of a robot.
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Figure 1: (a) Differential wheeled robot model. (b) VSBot:
(1) Robot system, (2) whisker sensor.

2 System definition

In order to verify the concept provided in section 1, ex-
periments using a differential wheeled robot was carried out,
with the kinematic model shown in Figure 1a. The param-
eter to be controlled is the robot’s velocity associated with
the variable stiffness of the traveled path in which the sensor
obtains contact surface information.

Further considerations have been taken into account to
represent the system model as described below:

• The artificial vibrissa as a sensor in the robot is con-
sidered rigid, with a specific length located in front of
the vehicle [3] (Figure 1b (2)).

• The trajectory and velocity of the robot are compen-
sated using a compass sensor included in an inertial
measurement unit (IMU).

• Forces obtained from the VSS are used to control the
system, especially to set the locomotion parameter of
the robot.

3 Kinematic and dynamic equations of the robot

In order to obtain the kinematic model, the velocity and
rotation of the robot is used with respect to each wheels ve-
locity as shown in Figure 1a. The robot used in this project
is shown in Figure 1b.

The kinematic model is defined as shown in equations 1
and 2 [4]: ẋ(t)

ẏ(t)

φ̇(t)

=

 cos(φ(t)) 0
sin(φ(t)) 0

0 1

[ v(t)

ω(t)

]
(1)

vr(t) =
2v(t)+ω(t)L

2
, vl(t) =

2v(t)−ω(t)L
2

. (2)

The dynamic model can be represented with general-
ized coordinates n (q1(t),q2(t),...,qn(t)) and constrains nc as
shown in equation 3:

M(q)q̈+C(q, q̇)q̇+Fr(q̇)+G(q)+ τd = Q(q)τ−ψ
T (q)ε

(3)



Table 1: Parameters involved in the robot model.

Parameter Characteristic
v Robot velocity

vl , vr Left and right wheel velocities
L Robot width
r Wheel radius
φ Robot angular orientation
ω Robot angular velocity
mc Robot platform mass
mT Robot total mass (with wheels)
Iw Wheel moment of inertia
I Total moment of inertia
τ Wheels torques

ϕ̇l , ϕ̇r Left and right wheel angular velocities

Applying Lagrange dynamic approach with generalized co-
ordinates q = [x y φ ϕr ϕl ]

> based on Figure 1a the equa-
tion 3 can be expressed in terms of the angular left and right
wheel velocities, robot angular velocity and motor torques
taking into account the constrains matrix ψT (q)ε [4] [5].
The new expression is presented in equation 4:

M(q)ρ̇ +C(q, q̇)ρ = Q(q)τ (4)

where
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C(q, q̇) =

 0
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 , Q(q) =

[
1 0
0 1

]
.

(5)

ρ =

[
ϕ̇r

ϕ̇l

]
,

vr = rϕ̇r,

vl = rϕ̇l .

Each parameter included in the equations are indicated in
table 1.

With the use of a VSS these disturbances can be calcu-
lated considering the sensor characteristic kO = ∂

∂θ
τO where

kO represents the joint stiffness applied in the sensor and as-
suming that all the disturbance is generated by τd , therefore
τO = τd presented as the surface disturbance in Figure 2 [3].
The uncertainties due to changes in the characteristics of
the surface trajectory (constant friction, external torques or
both) are represented with the parameters Fr and τd where
τ = τmotor + τd included in equation 3.

4 Conclusions

Based on the results (Figure 3), it can be concluded that
the use of a variable stiffness sensor system to control the
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Figure 2: Block diagram of the control system with VSS.

0 2 4 6 8 10 12 14 16 18 20

Time (s)

0

0.2

0.4

0.6

0.8

1

1.2

V
el

oc
ity

 (
cm

/s
)

Robot velocity

Input velocity
Output velocity (without VSS)
Output velocity (with VSS)
Torque surface disturbance (N.mm)

Figure 3: Close robot control loop input and output signals.

navigation of a wheeled robot is applicable. The distur-
bance is considered as a horizontal force opposite to the
movement due to the effect of deflection in contact to the
surface. Moreover, the application of a PID control strat-
egy presents sufficient performance (disturbance applied be-
tween 8-10 sec), especially to adjust the velocity of the robot
in changing surfaces.
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