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by a mathematical inversion of the FRTM, can be 
employed as a monitoring tool for tires and vehicles.
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1  Introduction

The growing development of autonomous vehicles 
has as direct consequence the search for intelligent 
systems and devices adopted to improve safety and 
ride quality. Among these, smart tires play a fun-
damental role thanks to their ability to estimate the 
fundamental characteristics of interaction between 
vehicle and road [1]. In the last decade, various types 
of smart tires have been developed. Accelerometers 
inside the tire have been used in [2, 3] to estimate the 
contact patch length. In [4], accelerometers inside the 
tire have been adopted to identify the friction coef-
ficient on the road surfaces. A 3-axial accelerometer 
mounted on the tire inner linear has been adopted in 
[5] to estimate tire-road friction. In [6], piezoelectric 
sensors fixed inside the tire have been used to esti-
mate the tire carcass lateral deformation, Magnets 
vulcanized into the tire tread have been used to meas-
ure the tire deformations [7]. An optical sensor to 
provide estimations about the vehicle state has been 
presented in [8, 9]. Different configurations of strain-
based smart tires have been presented in [10–14].
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As confirmed by the paper review [10], smart 
tires can be divided into two broad categories refer-
ring to two different measures: acceleration or defor-
mation. For both cases, a problem of fundamental 
importance is the estimation of quantities that are not 
directly measurable. As a result, many papers have 
been presented with the aim of proposing data-based 
estimation techniques and methodologies based on 
the physics modelling of the smart tire. The estima-
tion procedures, based on signal processing, allow to 
correlate sensor measurements to the tire operative 
conditions but, they need long times to analyse data 
obtained by a large number of experimental tests. 
[10].

Many published studies indicate that strain sen-
sors could be very effective for smart tire applications 
[15–18]. Indeed, strain measurements are less noisy if 
compared with the acceleration measures and strain 
sensors are less expensive and bulky than other class 
of sensors adopted to estimate tire deformations.

In a previous work [19], the authors presented a 
validation procedure of a flexible-ring model suit-
able for the reconstruction of tire deformations, there-
fore in [19] it was demonstrated that a physics-based 
modelling approach can reproduce the measurements 
acquired with strain sensors and it can be employed 
in real-time applications. This methodology does not 
require initial information on lateral slips, friction, 
etc., and it is particularly efficient in terms of com-
putational effort than finite element models [20, 21]. 
The next step consisted in understanding how a clas-
sical UKF type estimator based on the physical model 
could provide some parameters of the tire/road inter-
action such as normal and tangential forces. In [22], 
the results of this study have been presented, show-
ing the effectiveness of the proposed method. One of 
the limitations of the approach presented in [22] is the 
computational load, since the algorithm must perform 
a large amount of matrix operations at each time step.

The observation underlying the methodology pro-
posed in this paper is that in common smart tire appli-
cations, vehicle and the road working condition can 
be estimated not necessarily at every time step but 
at every wheel revolution. Consequently, an estima-
tor based on the physical modelling of the tire with 
a reduced computational load is developed and vali-
dated through numerical and experimental analysis. 
In particular, the developed estimator is based on the 
popular tire model developed by Gong [23, 24]. Its 

principal employment is the estimation of the tire-
road contact forces in order to monitor the tire health 
conditions.

This paper is organized as follows: in Sect. 2, the 
estimation technique is illustrated; simulation results 
are presented in Sect. 3; the experimental validation 
is described in Sect. 4. Finally, conclusions and future 
developments are drawn in Sect. 5.

2 � Estimation technique

The developed estimation algorithm employs the tire 
treadband circumferential strain measurements, pro-
vided by strain-gages mounted on the tire, combined 
with a physical tire model to estimate the tire-road 
contact forces.

In particular, the Flexible Ring Tire Model 
(FRTM) [23, 24] is employed to obtain, analytically, 
the tire inner liner circumferential strains in a closed-
form to reproduce the typical measurements provided 
by the strain-gages. Furthermore, an approximation 
of the FRTM is the principal component of the devel-
oped estimator. The FRTM is schematically repre-
sented in Fig. 1. The stiffness kw and kv describe the 
elastic behaviour of the sidewall structure in normal 
and tangential directions, respectively.

In this study, the subsequent numerical and 
experimental analyses are based on the hypotheses 
of a tire rolling on a flat road at a constant forward 
speed. Therefore, the rim can be considered as fixed 
in space and, the wheel can only rotate at a constant 

Fig. 1   FRTM schematization
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angular velocity. The FRTM motion description is 
given by the employment of space-fixed and rotat-
ing coordinate systems, both portrayed in Fig. 2.

In particular, the rotating coordinate system is 
helpful to analyse the contact forces and deforma-
tion. The cylindrical coordinates (r,�) and (r, �) 
indicate the ring infinitesimal element position, 
respectively, in the only translational and the rotat-
ing coordinate systems.

The centre of the wheel localizes the origins of 
both coordinate systems. The (x, z) and (x∗, z∗) coor-
dinates represent the wheel centre translational dis-
placement, respectively, in the only translational 
and the rotating coordinate systems.

The two coordinate systems are related by the 
following equations:

where Ω is the wheel angular velocity and t is the 
time. The tread band is assumed as a curved and inex-
tensible bending beam based on the Bernoulli–Euler 
beam model. Therefore, the normal displacement 
field w is related to the tangential one v by the follow-
ing equation:

(1)
x = x∗ cos (Ωt) − z∗sin(Ωt)

z = x∗ sin (Ωt) + z∗ cos (Ωt)

� = � + Ωt

The displacement fields w and v are referred to any 
point on the elastic ring middle surface. From the tread-
band and wheel equations of motion, described in detail 
in [23, 24] in terms of the displacement fields w and v , 
the normal and tangential forces F∗

x
 and F∗

z
 acting at the 

rim center are expressed as:

where kw and kv are the stiffness per unit of length 
between the rim and the treadband, respectively, in 
normal and tangential directions and, R is the ring 
mean radius. The Modal Expansion Method (MEM) 
is adopted to compute the displacements fields w and 
v by the partial derivative equations of motion, trans-
forming them in a set of a time-dependent ordinary 
differential equations [19, 23, 24]. Therefore, w and 
v can be expressed in the rotating coordinate system 
through the MEM as:

where an(t) and bn(t) are the generalized modal dis-
placements and n is the mode number. The parame-
ters relative to the FRTM are given in Table 1.

The external line forces on the ring are characterized 
by the following equations:

where � is the Dirac delta function while Qw and Qv 
are the magnitudes of the normal and tangential line 
forces referred to a specified stationary angular coor-
dinate �0 . The tire treadband tangential displace-
ment and the corresponding normal one due to the 

(2)w = −
�v

��

(3)F∗

x
= R

2�

∫
0

(

kww sin (�) + kvv cos (�)
)

d�

(4)F∗

z
= −R

2�

∫
0

(

kww cos (�) − kvv sin (�)
)

d�

(5)

v(�, t) =

∞
∑

n=0

[

an(t) cos (n�) + bn(t) sin (n�)
]

w(�, t) = −
�v

��
=

∞
∑

n=0

[

nan(t) sin (n�) − nbn(t) cos (n�)
]

(6)
qw(�, t) = Qw�

(

� − �0

)

= Qw�
(

� − �0
)

= Qw�
(

� −
(

�0 − Ωt
))

qv(�, t) = Qv�
(

� − �0

)

= Qv�
(

� − �0
)

= Qv�
(

� −
(

�0 − Ωt
))

Fig. 2   FRTM coordinate system
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concentrated line forces, in steady-state conditions, 
can be obtained through the MEM as:

where the modal parameters An1 , An2 and �n are given 
in the Appendix. These parameters are dependent on 
the initial stress �0

�
 in the treadband due to the action 

of the centrifugal force and inflation pressure p0 . The 
initial stress �0

�
 is related to the wheel angular veloc-

ity Ω and the inflation pressure p0 by the following 
expression:

Considering a distributed load on the contact patch 
bounded between the front and rear angular coordi-
nates �f  and �r , respectively, the solution of the FRTM 
can be obtained applying the superposition principle. 
Adopting the principle of effects superposition, well 
described in [19], the normal and tangential pressure 
distributions qw and qv , considering symmetric contact 
patch 

(

�r = −�f

)

 , are described as follows:

where Fz is the normal load acting on the wheel 
and �x is the tangential force per unit length. The �x 

(7)
v(�) =

∞
∑

n=0

[A
n1Qv

cos n
(

�0 − � + �
n

)

+ A
n2Qw

sin n
(

�0 − � + �
n

)

]

(8)�0

�
A =

(

p0bR + �AR2Ω2
)

(9)
qw(�) =

3

4

Fz

R�3
r

(

�2
r
− �2

)

cos(�)
+ �x(�) sin (�)

qv(�) = �x(�) cos (�)

computation is made through a generalised Coulomb 
friction model as described in the following equation:

where qz(�) =
3

4

Fz

R�3
r

(

�2
r
− �2

)

 is the parabolic 
approximated normal pressure distribution acting on 
the contact patch, �x is the slip ratio, kx is the bristle 
stiffness, �s and �d are, respectively, the static and 
dynamic friction coefficients. Discretizing the contact 
patch in N� equal angular steps Δ� , the concentrated 
forces Qw,i and Qv,i acting at point with angular coor-
dinate �0,i , can be written as:

Consequently, superimposing the solution, the tan-
gential and normal displacements are:

Considering the expression of the treadband circum-
ferential deformation [23–25]:

(10)

�x(�) =

{(

�f − �
)

kx�x,
(

�f − �
)

kx�x ≤ �sqz(�)

−�dqz(�)sign
(

�x
)

, elsewhere

(11)
Qw,i = qw

(

�0,i

)

Δ�

Qv,i = qv
(

�0,i

)

Δ�

(12)
v(�) =

N�
∑

i=1

∞
∑

n=0

[

An1Qv,i cos
(

n
(

�0,i − � + �n
))

+An2Qw,i sin
(

n
(

�0,i − � + �n
))]

(13)

w(�) =

N�
∑

i=1

∞
∑

n=0

n
[

−A
n1Qv,i sin

(

n
(

�0,i − � + �
n

))

+A
n2Qw,i cos

(

n
(

�0,i − � + �
n

))]

Table 1   FRTM parameters Symbol Description Unit

b Width of the ring m
h Thickness of the ring m
A Area of the cross section of the ring (A = bh) m2

E Young’s modulus of the ring material N/m2

I

Inertia moment of the cross-section of the ring 

(

I =
bh3

12

)

m4

R Mean radius of the ring (tire treadband) m
� Density of the ring material kg/m3

k
w
, k

v
Stiffness per unit length in normal and tangential directions, respectively N/m2

c
w
, c

v
Damping per unit length in normal and tangential directions, respectively Ns/m2

k
x

Bristle tangential stiffness N/m
�
x

Slip ratio –
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and substituting the expressions of v(�) and w(�) the 
circumferential strain is obtained in the MEM form:

The FRTM closed-form solution, in terms of cir-
cumferential strains shown in Eq. (15), is employed 
to generate numerical data for the force’s estimation 
tool validation. In particular, exploiting the previ-
ous hypothesis of constant wheel angular velocity 
is simple to create time-dependent strains data for 
multiple wheel turns.

The developed Strain-Based Forces Estimator, 
briefly called SBFE, considers the strain measure-
ments collected over a wheel revolution locating 
their two consecutive maximum peaks in a time 
window of length Δtturn and centering it on the first 
maximum peak as shown in Fig. 3.

The tire-road normal and tangential forces are 
estimated on the basis of the acquired or computed 
strains data, adopting a first-order approximation of 
the Eq. (14):

(14)�� =
y

R2

(

�v

��
−

�2w

��2

)

(15)

��(�)a =

N�
∑

i=1

∞
∑

n=0

y

R2n3

[

An1Qv,i sin(n(�0,i − � + �n))

−An2Qw,i cos
(

n
(

�0,i − � + �n
))]

(16)�� =
y

R2

(

�v

��

)

Taking into account that the normal displacement 
field w = −

�v

��
 , its approximation can be expressed as 

follows:

and the tangential displacement field v can be given 
by:

By introducing the integral function �(�) of the 

treadband circumferential strain, the integral 
2�∫
0

��d� 

can be computed in discrete form considering the 
constant angular step Δ� = Δ� , numerically equiva-
lent to the differential d�.

On the basis of the strain data knowledge, the 
function �(�) is computed employing the Forward 
Euler Method as follows:

where k = 0,… , 2� is the angular interval relative 
to a single wheel revolution, divided in k − Δ� equal 
angular steps. Therefore, the displacements fields can 
be expressed in discrete form:

(17)w(�) = −
R2

y
��

(18)v(�) =
R2

y

2�

∫
0

��d�

(19)�
(

�k
)

= �
(

�k−1
)

+ ��
(

�k−1
)

Δ�

Fig. 3   Time window between two maximum strain peaks
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where ��
(

�k
)

 is the actual measured or numerically 
computed circumferential strain for k = 0,… , 2�.

Finally, discretizing the equations (a) and (b) of the 
normal and tangential forces, the estimation of them 
is obtained as follows substituting at the displacement 
fields w and v their discrete forms:

The Eq.  (21) allows to estimate in real-time 
the tire-road contact forces in tangential and nor-
mal directions, at every wheel revolution, through a 
model-based approach on an approximated inversion 
of the FRTM.

Furthermore, based on the hypothesis of constant 
wheel angular velocity, the time between two con-
secutive strain maximum peaks Δtturn is employed to 
estimate the peripheral speed:

Therefore, the SBFE (Fig.  4)  can be summarized 
as follows:

(1)	 Detect two consecutive maximum peaks of the 
circumferential strain;

(20)
w
(

�k
)

= −
R2

y
��
(

�k
)

v
(

�k
)

=
R2

y
�
(

�k
)

(21)

F
xest

= RΔ�

2�
∑

k=0

(

k
w
w
(

�
k

)

sin
(

�
k

)

+ k
v
v
(

�
k

)

cos
(

�
k

))

F
zest

= −RΔ�

2�
∑

k=0

(

k
w
w
(

�
k

)

cos
(

�
k

)

− k
v
v
(

�
k

)

sin
(

�
k

))

(22)Vest =
2�R

Δtturn

(2)	 Select a sample window equal to the distance 
between two consecutive peaks and center the 
window on the first maximum peak;

(3)	 Compute the estimated wheel peripheral speed 
through the Eq. (22);

(4)	 Compute the estimated normal and tangential 
forces through the Eq. (21).

3 � Estimator testing

The proposed SBFE is validated through both numer-
ical and experimental tests. The theoretical tread band 
circumferential strains are obtained by computing 
them employing the FRTM reported in Sect. 2 for dif-
ferent values of the slip ratio, normal loads, tangen-
tial loads, and longitudinal speeds. The experimental 
strain data are provided by acquired signals through 
strain gauges in different tire load and speed condi-
tions. In Fig. 5, the employed four-strain time-histo-
ries to test the SBFE are portrayed.

A description of each dataset is summarized as 
follows:

•	 Numerical test 1: the simulated circumferential 
strains are computed applying an incremental nor-
mal load Fz from 250 to 1000 N with a variation 
of 250  N for every ten revolutions of the wheel. 
Therefore, there are four normal load levels 
(250  N, 500  N, 750  N, 1000  N). The described 
FRTM in Sect.  2 includes the brush model for 
the tangential force Fx computation. Therefore, a 
friction coefficient �d = 0.55 is assigned to com-
pute it. Finally, the applied longitudinal speed and 

Fig. 4   Strain-Based Forces Estimator workflow
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the longitudinal slip ratio are V = 10 km/h and 
�x = 0.02 , respectively.

•	 Numerical test 2: the simulated circumferen-
tial strains are obtained applying a constant nor-
mal load Fz = 500 N . The total number of wheel 
revolutions is 40. Every ten revolutions a friction 
coefficient �d is assigned ( �d1 = 0.55 , �d2 = 0.25 , 
�d3 = 0.45 , �d4 = 0.75 ) to compute the tangen-
tial force Fx . The applied longitudinal speed and 
the longitudinal slip ratio are V = 20 km/h and 
�x = 0.2 , respectively.

•	 Experimental test 1: the acquired strain data 
are obtained applying a constant normal load 
Fz = 500 N and a measured tangential load 
Fx = 97 N . The tire longitudinal speed is 
V = 10 km/h.

•	 Experimental test 2: an incremental normal load 
Fz from 250 to 1000 N is applied on the tire with 
a gradual transition between 250 to 500  N and 
500 N to 750 N. No tangential load Fx is applied. 
The tire longitudinal speed is V = 20 km/h.

The normal and tangential loads have been esti-
mated by the proposed algorithm exploiting the strain 
value under the hypothesis of a tire in straight-line 

free rolling conditions. The maximum peaks of each 
strain data are shown in Fig. 5 with circular red mark-
ers. The identification of this feature allows locating 
the single wheel turn to estimate Fx and Fz on it. The 
employed operative tire inflation pressure for each 
test is p0 = 1bar . The FRTM parameters relative to 
the numerical tests are listed in Table 2.

The SBFE requires the employment of only the h , 
R , kw and kv , which have been identified to apply the 
SBFE to the experimental strain data. The parameters 
employed for the SBFE are listed in Table 3.

Fig. 5   Strain datasets for numerical and experimental tests

Table 2   FRTM parameters values for numerical tests

Parameters Value Unit

b 0.175 m
h 0.002 m
EI 0.03 Nm2

R 0.23 m
� 2000 kg/m3

k
w

500,000 N/m2

k
v

100,000 N/m2

c
w
= c

v
0 Ns/m
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3.1 � Numerical results

3.1.1 � Numerical test 1

In Fig. 6, the comparison between the computed nor-
mal load variation and the estimated one, through the 
proposed SBFE, is shown, referring to the numerical 
strain dataset portrayed in Fig. 5.

The proposed algorithm is able to estimate the 
simulated normal load variation accurately. The devi-
ation from the simulated data due to the first-order 
approximation of the circumferential strain analytical 
formulation is small.

Figures  7 and 8 show the mean trends and the 
mean percentage error (in absolute value) between 
the simulated and the estimated normal load.

The maximum mean percentage error of around 
0.1% between the estimated normal load mean trend 
and the simulated one demonstrates the suitability of 
the developed SBFE.

In Fig.  9, the estimated tangential load is shown. 
The deviation between the estimated and simulated 
tangential load values is slightly higher than the 
results concerning the normal load.

Figures  10 and 11 show the mean trends and the 
mean percentage error (in absolute value) between 
the simulated and the estimated tangential load. The 
maximum mean percentage error of 0.62% constitutes 
an indication of the SBFE’s good accuracy regarding 
the tangential load estimation.

The estimated longitudinal speed shown in Fig. 12 
demonstrates the capability of the SBFE to repro-
duce, faithfully, the trend of the applied constant 
speed in real-time and for every wheel revolution. 
The mean errors on the normal and tangential loads 
are computed considering four windows, one for each 
Fz level, in order to evaluate the mean value for both 
the simulated and estimated loads to compare them.

The estimated normal and tangential loads repre-
sented in Figs. 6 and 9 can be employed to regener-
ate the circumferential strain data through the FRTM. 
In Fig. 13, the comparison between the simulated and 

Table 3   SBFE parameters values for both numerical and 
experimental tests

Parameters Numerical Experimental Unit

h 0.002 0.005 m
R 0.23 0.23 m
k
w

500,000 700,000 N/m2

k
v

100,000 30,000 N/m2

Fig. 6   Normal load comparison (Numerical test 1)
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Fig. 7   Normal load mean trend (Numerical test 1)

Fig. 8   Normal load mean percentage error (Numerical test 1)
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Fig. 9   Tangential load comparison (Numerical test 1)

Fig. 10   Tangential load mean trend (Numerical test 1)
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Fig. 11   Tangential load mean percentage error (Numerical test 1)

Fig. 12   Estimated tire longitudinal speed (Numerical test 1)
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Fig. 13   Regenerated strain data (Numerical test 1)

Fig. 14   Normal load comparison (Numerical test 2)
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Fig. 15   Normal load mean trend (Numerical test 2)

Fig. 16   Normal load mean percentage error (Numerical test 2)
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the estimated circumferential strains is represented 
for each normal load level. The strain data are shown 
about a wheel turn bounded from − 180° to 180°.

The FRTM demonstrates its suitability to repro-
duce the strain data from the estimated loads through 
the proposed SBFE.

3.1.2 � Numerical test 2

In Fig.  14, the comparison between the computed 
normal load variation and the estimated one, through 
the proposed SBFE, is shown, referring to the numer-
ical strain dataset portrayed in Fig. 5.

The estimated constant normal load through the 
proposed algorithm is in agreement with the com-
puted ones. Figures 15 and 16 show the mean trends 
and the mean percentage error (in absolute value) 
between the simulated and the estimated normal load.

The maximum mean percentage error of around 
0.1% between the estimated normal load mean 
trend and the simulated one demonstrates the suit-
ability of the developed SBFE. In Fig.  17, the 
estimated tangential load is shown. The devia-
tion between the estimated and simulated tangen-
tial load values is slightly higher than the results 
concerning the normal load. The applied friction 

coefficient variation, described in paragraph 4 for 
this test, can be observed in the tangential force, 
confirming the capability of the SBFE to recognize 
a load change due to different tire-road conditions.

Figures 18 and 19 show the mean trends and the 
mean percentage error (in absolute value) between 
the simulated and the estimated tangential load. 
The maximum mean percentage error of 1.1% con-
stitutes an indication of the SBFE’s good accuracy 
regarding the tangential load estimation.

The estimated longitudinal speed shown in 
Fig.  20 demonstrates the capability of the SBFE 
to reproduce, faithfully, the trend of the applied 
constant speed in real-time and for every wheel 
revolution.

The regenerated circumferential strains by the 
FRTM based on the estimated normal and tangen-
tial loads are shown in Fig. 21. The quality of the 
estimated Fz and Fx is confirmed by the capability 
of the FRTM to reproduce the strain data. The tan-
gential load variation can be observed, also in the 
strain data through the asymmetrical behaviour of 
the two minimum peaks. The asymmetry between 
the two minimum peaks increases with the tangen-
tial load increasing.

Fig. 17   Tangential load comparison (Numerical test 2)
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Fig. 18   Tangential load mean trend (Numerical test 2)

Fig. 19   Tangential load mean percentage error (Numerical test 2)
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Fig. 20   Estimated tire longitudinal speed (Numerical test 2)

Fig. 21   Regenerated strain data (Numerical test 2)
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4 � Experimental validation

A prototype of intelligent tire based on a commercial 
slick radial tire DUNLOP SP SPORT 175/505 R13 
(tubeless) employed in SAE Formula Student vehicles 
has been used for testing. In this competition, most 
of the vehicles have a total weight between 150 and 
250  kg, prepared for short and twisty circuits, high 
accelerations, and velocities between 20 and 60 km/h 

in about 85% of every lap. In the inner liner of the 
tire treadband were attached three rosettes of strain 
gauges. The location is indicated in Fig.  22: two 
of them in the same cross section and the third one 
separated by 123.75º of angular rotation. Figure  22 
also shows the support installation of the rectangu-
lar rosette strain sensors on the tire tread centre line 
on the tire inner liner surface of the tread. It can be 
assumed that the stiffness of the strain gauge doesn´t 

Fig. 22   Strain gauges configuration
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cause local stiffening effect. The strain gauge´s length 
is 2 mm with gauge resistance 120 Ω. The resolution 
of the strain measurement is 0.001 µε.

The data acquisition system is formed by a portable 
module set up to a sampling frequency of 1000  Hz. 
The range of operation of the strain gauge module is 
from − 5000 to 5000  µε. It is configured in a Wheat-
stone quarter bridge for each strain sensor. It is equipped 
with batteries to supply the voltage for the operation of 
the microprocessor Power/Communication module. In 
Table 4, the employed data acquisition system with the 
attached strain gauges is further illustrated.

The prototype of intelligent tire has been tested in 
a triaxial test rig which allows the speed, normal load 

and inflation pressure to be varied during the experi-
ments. The test system setup is shown in Fig. 23. The 
drum’s curved surface has a minimal effect on the 
results because of its large diameter (2.44 m) which 
ensures that there is only slight difference between a 
flat road and the large drum for tire/road contact. The 
error in contact length is less than 0.1% [26]. The 
high moment of inertia of the metal drum on which 
the tire rolls makes it difficult to accelerate. Since the 
drum acceleration is the only way to apply tangen-
tial force to the tire, the low acceleration limits the 
applied tangential force in the experimental test. The 
main reason for choosing accelerations at the lower 
end of the speed range is that the increase in speed is 

Table 4   Data acquisition system parts

Strain gauges KYOWA KFEL-2–120-D35L1M2S high-elongation foil strain gauge

Data acquisition equipment SoMat 2000 Field Computer (Processor module + Power/Communications module + Strain 
Gauge module)

Strain Gauge module configuration The module operates as a Wheatstone strain bridge capable of being used in a quarter, half or 
full bridge configuration. In this study, a quarter bridge configuration was adopted

 

Fig. 23   Indoor tire test rig
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more uniform, resulting in a more progressive behav-
iour of the measured microstrain in the instrumented 
tire, which is not the case at higher speeds. Therefore, 

the capability to accelerate the metal drum of the test 
rig is limited by its high moment of inertia.

Fig. 24   Normal load comparison (Experimental test 1)

Fig. 25   Normal load mean trend (Experimental test 1)
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4.1 � Experimental test 1

Figure 24 shows the comparison between the imposed 
constant normal load and the estimated one through 
the proposed SBFE, referring to the experimental 
strain dataset portrayed in Fig.  5. The imposed nor-
mal and tangential loads denoted with black straight 
lines shown in plots are the assumed ones as refer-
ence. Therefore, they are not the experimentally 
measured loads.

The proposed algorithm is able to estimate the 
imposed normal load variation with a higher devia-
tion than the numerical tests. In particular, the esti-
mated normal load value is around 550 N compared 
to the applied normal load of 500 N. The difference 
is due to the neglected nonlinearities provided by the 
presence of noise in measurements, causing errors 
in the acquisition of strains and, therefore, errors in 
loads prediction. Furthermore, the nonlinear tire 
mechanical structure is another aspect to consider 
regarding the deviation between the imposed and the 
estimated loads. However, despite the FRTM first-
order approximation, the SBFE is able to provide an 
indication of the tire-road forces close to the experi-
mentally applied loads directly from strain data. Fig-
ures 25 and 26 show the mean trends and the mean 

percentage error (in absolute value) between the sim-
ulated and the estimated normal load.

The maximum mean percentage error of around 
10.3% between the estimated normal load mean trend 
and the simulated one demonstrates the suitability of 
the developed SBFE with the experimental data. A 
constant discordance can be observed in the test time 
window.

In Fig.  27, the estimated tangential load is com-
pared to the experimentally applied ones. The SBFE 
can estimate, with a good estimation quality, the 
applied tangential load on the tire.

Figures  28 and 29 show the mean trends and the 
mean percentage error (in absolute value) between 
the applied and the estimated tangential load. The 
maximum mean percentage error of 0.85% constitutes 
an indication of the SBFE’s good accuracy regarding 
the tangential load estimation.

The estimated longitudinal speed shown in Fig. 30 
demonstrates the capability of the SBFE to reproduce, 
faithfully, the trend of the applied constant speed in 
real-time and for every wheel revolution.

As for the numerical tests, the FRTM is employed 
to regenerate the strain data starting from the esti-
mated Fx and Fz . In Fig. 31, the comparison between 
the acquired and the estimated circumferential strains 

Fig. 26   Normal load mean percentage error (Experimental test 1)
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are represented for applied constant normal and tan-
gential loads. The strain data are shown about a wheel 
turn bounded from − 180° to 180°.

The FRTM demonstrates its suitability to repro-
duce the experimental strain data from the esti-
mated loads through the proposed SBFE. A higher 

Fig. 27   Tangential load comparison (Experimental test 1)

Fig. 28   Tangential load mean trend (Experimental test 1)
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reproduced strain amplitude than the experimentally 
acquired is observable in accordance with the slight 
normal load overestimation. The asymmetry of the 

two strain minimum peaks is well reproduced follow-
ing the good tangential load estimation.

Fig. 29   Tangential load mean percentage error (Experimental test 1)

Fig. 30   Estimated tire longitudinal speed (Experimental test 1)
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Fig. 31   Regenerated strain data (Experimental test 1)

Fig. 32   Normal load comparison (Experimental test 2)
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Fig. 33   Normal load mean trend (Experimental test 2)

Fig. 34   Normal load mean percentage error (Experimental test 2)
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4.2 � Experimental test 2

In the last test, only the results concerning the nor-
mal load estimation are provided, taking into account 
the non-presence of applied tangential loads. The 
imposed normal loads denoted with black straight 
lines shown in plots are the assumed ones as refer-
ence. Therefore, they are not the experimentally 
measured loads. In Fig. 32, the estimated normal load 
is compared with the applied one, referring to the 
experimental strain dataset portrayed in Fig. 5.

The SBFE provides a good estimation of the 
imposed normal load also in the transition between 
two different load levels. The SBFE provides a reli-
able estimation of the imposed normal load. The pro-
posed algorithm demonstrates its capability to capture 
also the transition between two different load levels 
employing only strain data.

Figures  33 and 34 show the mean trends and the 
mean percentage error (in absolute value) between 
the simulated and the estimated normal load.

The maximum mean percentage error is around 
12%, showing a slight disparity between the esti-
mated normal load mean trend and the experimental 
one, in particular during the load transition from 500 
to 750 N and for a 1000 N normal load. This amount 

of error is due to the approximation at the first order 
of the tread band circumferential strain analytical for-
mulation, which is fundamental for the development 
of the proposed SBFE allowing it to invert the FRTM 
to obtain forces only employing strain data.

Despite this disagreement, the results demonstrate 
that the SBFE is able to estimate the tire-road forces 
for different normal loads.

The estimated longitudinal speed shown in Fig. 35 
demonstrates the capability of the SBFE to reproduce, 
correctly, the trend of the applied constant speed in 
real-time and for every wheel revolution.

The regenerated circumferential strains by the 
FRTM based on the estimated normal and tangential 
load are shown in Fig. 36. A small asymmetric behav-
iour is observable on the two minimum peaks of the 
strains due to a residual estimated tangential force by 
the SBFE. Overall, the reproduced strain data demon-
strate the quality of the estimated Fz and Fx , confirm-
ing the suitability of the SBFE to estimate the forces 
acting on the tire.

Histograms for summarizing results referred to 
vertical load Fz and longitudinal speed V  referred to 
experimental tests are shown in Fig.  37. Although 
the aim of this work is not the estimation of the lon-
gitudinal speed, an overall low percentage error 

Fig. 35   Estimated tire longitudinal speed (Experimental test 2)
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Fig. 36   Regenerated strain data (Experimental test 2)

Fig. 37   Global mean percentage error of normal load and longitudinal speed referred to the Experimental Tests
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is observable, demonstrating the suitability of the 
SBFE to estimate this vehicle feature for each wheel 
revolution by the characteristics of the strain signals. 
Regarding the normal load, for each experimental test 
(EXP 1 and EXP 2), the overall error is higher than 
that associated with the longitudinal speed, but it does 
not exceed the 10%. Furthermore, it can be observed 
that for the EXP 2 test, the error is around 5.5% 
because it is referred to the test in which there are 
four levels of Fz . Therefore, the global mean value of 
the percentage error is indicative of an isolated peak 
of error due to the approximation made for the SBFE 
development. The previously mentioned approxima-
tion allows the employment of only the experimen-
tal measurements of strains obtained through strain 
gauges to estimate at each wheel revolution, both nor-
mal and tangential loads. Similar considerations can 
be made for the global mean percentage error of Fz , 
referred to EXP 1, in which the imposed normal load 
is constant.

The SBFE is a physical-based estimator developed 
based on the linearization of the tire tread band cir-
cumferential strain analytical formulation. The non-
linearities concerning the structural characteristics 
of the tire coupled with the errors inherent in the 
measurements of tread band circumferential strains, 
including the presence of noise, have been neglected 
in this preliminary study. Therefore, in future works, 
the nonlinearities mentioned above will be consid-
ered for reducing the estimation error and increasing 
the accuracy of the SBFE. It is important to note that 
the shown percentage error is acceptable for the pro-
posed application, also considering the potential of 
the SBFE to capture the trend of normal and tangen-
tial loads directly from strain data with overall good 
accuracy.

The results demonstrate that the SBFE can be 
employed to obtain a reliable indication of the tire-
road forces during the vehicle running to prevent 
accidents and monitor vehicle health.

5 � Conclusions

A model-based tool, briefly called SBFE, to estimate 
the normal and tangential tire-road forces employing 
strain measurements has been presented.

The SBFE has been developed on the basis of 
a first-order approximation of the Flexible Ring 
Tire Model (FRTM) strain solution. The approach 
employed to build the SBFE allowed obtaining an 
estimator based on a physical tire model that pro-
vides a closed-form of the tread band displacements 
and circumferential strains. Furthermore, the SBFE 
can estimate the tire-road forces at every wheel rev-
olution through the processing of treadband strain 
measurements.

The SBFE has been validated through both numer-
ical and experimental tests. The tests have been made 
at different tire longitudinal speeds and with normal 
load variations in order to ensure the capability of the 
SBFE to estimate the tire-road forces in various lon-
gitudinal dynamics conditions.

Furthermore, the possibility to employ the FRTM 
for the circumferential strain data regeneration by the 
estimated forces allows verifying the goodness of fit of 
the entire estimation process. The results have demon-
strated the suitability of the developed algorithm as a 
real-time tool to estimate the tire-road forces for operat-
ing conditions related to SAE Formula Student racing 
cars. The SBFE can be used in vehicle onboard systems 
or to develop a smart and portable test-rig for the intel-
ligent tire road tests. Further works will deal with the 
investigation in different operative conditions of other 
types of vehicles equipped with different tires, also try-
ing to consider nonlinearities associated with the struc-
ture of tires and the strain measurements. The SBFE 
is employable for various scenarios concerning tires 
thanks to the possibility of parametrizing it based on 
the characteristics of the specific tire.
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