
HAL Id: hal-03428717
https://uphf.hal.science/hal-03428717v1

Submitted on 15 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Investigation of the Driver’s Arm Viscoelastic
Properties During Steering Vehicle Maneuver

Alaa Marouf, Philippe Pudlo, Chouki Sentouh, Mohamed Djemai

To cite this version:
Alaa Marouf, Philippe Pudlo, Chouki Sentouh, Mohamed Djemai. Investigation of the Driver’s Arm
Viscoelastic Properties During Steering Vehicle Maneuver. IEEE Transactions on Systems, Man, and
Cybernetics: Systems, 2017, 47 (6), pp.1030-1036. �10.1109/TSMC.2016.2523915�. �hal-03428717�

https://uphf.hal.science/hal-03428717v1
https://hal.archives-ouvertes.fr


IEEE TRANSACTIONS ON SYSTEMS MAN AND CYBERNETICS: SYSTEMS 47-6 (2017) 1030-1036

Investigation of the Driver’s Arm Viscoelastic Properties 
During Steering Vehicle Maneuver

Alaa Marouf, Philippe Pudlo, Chouki Sentouh, and Mohamed Djemaï

Abstract—Driver’s arm viscoelastic properties during steering vehicle 
maneuver are very important information to understand how the driver 
regulates his torque and they could be used to design a new driver assis-
tance system. This correspondence paper investigates the driver’s arm 
viscoelastic properties during steering vehicle maneuver. First, a time-
varying method for estimating driver’s arm viscoelastic properties during 
driving the vehicle is proposed. Then, this method is implemented exper-
imentally in order to examine the driver’s arm viscoelastic properties 
during driving the vehicle. The estimation method does not require a 
specific perturbation torque to be applied during driving and could be 
applied online. The method is based on a time-varying model of the 
human driver’s arm coupled with the electric power-assisted steering 
system model. Experiments were carried out with five healthy subjects 
who drove on a hardware-in-the-loop simulator without assistance and 
with assistance.

I. INTRODUCTION

The assist torque in electric power-assisted steering (EPAS) sys-
tems is function of the driver torque. The driver torque could be
expressed by a mechanical impedance properties (i.e., stiffness, vis-
cosity, and inertia) [1]–[4]. These properties characterize the driver’s
arm movement and the interaction between the driver and the steer-
ing system, and could be used to provide an assistance based on the
driver’s arm properties. However, these properties are not measured.
So, it should be estimated.

Generally, the human arm’s impedance properties were identi-
fied using devices with electrical, hydraulic, or pneumatic actua-
tors [2], [5]–[8]. The human subject was asked to track a virtual
trajectory, a disturbance torque is applied by the actuator during the
movement which leads to a new trajectory associated with the virtual
trajectory by the impedance of the human arms. Then, the impedance
properties are identified using the disturbance torque and the trajec-
tory deviation. The disturbance torque should be designed properly
to be used in the identification methods. It has been shown that the
impedance depends on the activation level of muscles [9], the arm
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posture [5], [10], the speed of arm movement and load [11], the
driving condition [12], and the muscle-contraction levels [13], [14].

For the identification process, several methods have been devel-
oped. Dolan et al. [2] estimated constant impedance components by
using least mean square and three filtering methods to obtain the
hand displacement derivatives. In [8], [13], and [15], a linear model
with constant parameters for small motion was identified. The model
is identified by applying small disturbance of short duration about
the equilibrium position. The driver’s neuromuscular system during
steering vehicle is modeled by coefficients of stiffness, viscosity,
and inertia [16]. The model parameters were identified by apply-
ing random perturbation torque and by measuring muscle activity
using electromyography sensors. A nonparametric system identifica-
tion algorithm was proposed in [17] to estimate endpoint stiffness
from the relationship between the displacements and the forces
required to perform these displacements, where continuous stochas-
tic displacement perturbations were applied to the human arm during
the movement. Estimating time-invariant neuromuscular admittance
using frequency response functions was proposed in [18] and [19].
Bennett et al. [6] estimated time-varying properties by using so-
called ensemble methods which relied on the autoregressive moving
average model, repeated movement, and complicated procedure (e.g.,
chopping the data into single movement and aligning movement) to
calculate the input–output of the model from the measurement of the
joint angle and the applied disturbance torque. Xu and Hollerbach [7]
proposed a method for estimating time-varying impedance parame-
ters. The method is based on the standard least square, the procedure
proposed by Bennett et al. [6], low-pass filter to obtain the deriva-
tives of the joint angle, and high-pass filter to separate the voluntary
movement and the perturbed movement. Mulder et al. [20] used a
model of neuromuscular system to generate times-variant data, then
the Morlet wavelet analysis was used to identify the time variant
neuromuscular admittance model. The proposed method requires a
force perturbation signal, and estimating the variation of each of the
admittance properties is not discussed.

The existing methods consider either constant or variables prop-
erties. The methods that consider constant properties are valid for
small disturbance torque (i.e., fixed position) and they cannot estimate
the changes in the human arm properties. The methods that consider
time-varying properties required disturbance torque to be applied dur-
ing the movement, and use a complicated procedure to compute the
average movement and the derivatives of the arm movement. The
influence of using disturbance torque and averaging movement (i.e.,
aligning and shifting the data) on the resolution of these methods is
not studied. Furthermore, the use of low-pass filters to calculate the
derivatives of the arm movement leads to a big error in the identified
parameters when the position or speed are constant or small.

In [21], a preliminary study on an identification method to esti-
mate the impedance properties was presented. In this correspondence
paper, we extend our previous work to validate the identification
method under different conditions and with several subjects, to
examine the time-varying changes in the driver’s arm viscoelastic
properties during driving the vehicle, to see how the driver regulates
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TABLE I
NOMENCLATURE DEFINITIONS

his properties, and to see how the assistance influences the driver’s
viscoelastic properties. For these objectives, we perform experiments
with five subjects who drove on a hardware-in-the-loop (HIL) sim-
ulator without and with assistance. The identification method does
not require a specific disturbance torque to be applied during the
movement which may be disturb the driver during voluntary steering
maneuver. The viscoelastic properties are estimated from the driver
torque and not from the disturbance torque which leads to improve
the temporal resolution of the identified parameters.

The remainder of this paper is organized as follows. Section II
formalizes the problem and presents a solution to identify online
the driver’s arm viscoelastic properties during driving the vehicle.
Section III describes the HIL simulator and reports the experimental
results. Finally, in Section IV, the conclusion is drawn. Nomenclature
definitions are provided in Table I.

II. DRIVER’S ARM VISCOELASTIC PROPERTIES

ESTIMATION METHOD

In this section, we recall an identification algorithm for online
time-varying system. We propose a model that combines the driver’s
arm and the EPAS system, then we construct the regression model
from the proposed model for the application of the identification
algorithm, and finally we estimate the input–output of the regression
model so that the identification algorithm could be applied to identify
the driver’s arm properties.

A. Online Estimation Algorithm

The problem of designing identification algorithms for linear time-
varying systems has been addressed in many works [22]–[24]. The
exponentially weighted recursive least squares (EWRLSs) algorithm
is selected for its good convergence and its capability to track the
parameters [22]–[24]. The EWRLS can be applied to the so-called
linear regression model

T(t) = �T (t)Z(t) (1)

where T is the measured output variable, � is the regressor vec-
tor which contains the measured variables, and Z is the vector of
unknown functions.

The EWRLS aims to identify the vector of unknown functions Z(t)
by using the measured input–output data [�(t), T(t)]. The EWRLS
solution Ẑ(t) to the system (1) which minimizes the cost function

J =
t∫

0

λt−τ
(

T(τ ) − T̂(τ )
)2

dτ, T̂(τ ) = �T (τ )Ẑ(τ )

is given by [22]–[24]{ ˙̂Z(t) = P(t)�(t)
(

T(t) − �T (t)Ẑ(t)
)

Ṗ(t) = −P(t)�(t)�T P(t) + λP(t)
(2)

where Ẑ is the identified vector, λ is a weighted factor, and T̂ is the
predicted output.

Fig. 1. Driver’s arm and EPAS model.

TABLE II
R2 OF THE FITTED MODELS WITH AND WITHOUT ASSISTANCE

B. Model-Based Estimation

First, a model that describes the dynamic of the driver’s arm while
driving the vehicle is required. In order to estimate the variations
in the driver’s viscoelastic properties during driving, we consider
time varying stiffness, viscosity, and inertia as shown in Fig. 1.
The model could be explained as: to achieve a desired trajectory,
the central nervous system treats the information come from the
environment (e.g., desired angle, steering torque feedback, and road
conditions) and regulates the viscoelastic properties of the arms
(i.e., arm impedance) to make the proper steering angle. In turning
the steering wheel, the driver generates torque which acts through the
driver’s arm admittance and results in a steering angle. The motion
law that describes the movement⎧⎪⎪⎨

⎪⎪⎩

(Jc + Jdr(t))θ̈c = −(Bc + Bdr(t))θ̇c

−(Kc + Kdr(t))θc + Kc
N θm

Jeqθ̈m = Kc
N θc −

(
Kc+R2

pKr

N2

)
θm − Beqθ̇m + Te − Tr

N

(3)

where Jeq = Jm + (R2
p/N2)Mr , Beq = Bm + (R2

p/N2)Br, and
θm = (Nxr/Rp). θc, θm, and xr are, respectively, the steering wheel
angle, the motor’s angular position, and the rack position; Te is the
electromagnetic torque generated by the motor; Ta = NTe is the
assistance torque; Tr is the road reaction torque; and Jdr(t), Bdr(t),
and Kdr(t) represent driver’s arm inertia, viscosity, and the stiffness.
Table II defines the other EPAS model parameters. The parame-
ters (Jc, Bc, Kc, Jeq, Beq, Kr, and N) of the EPAS dynamics are
known. These parameters could be identified when the driver does not
hold the steering wheel (i.e., the steering wheel is free) [25], which
allows to separate between the EPAS dynamics and the driver’s arm
dynamics. The objective is to identify the driver’s arms properties
[Kdr(t), Bdr(t), and Jdr(t)]. Let us define the unknown driver’s arms
properties as

Tdr(t) = Jdr(t)θ̈c(t) + Bdr(t)θ̇c(t) + Kdr(t)θc(t). (4)

Using (4), (3) takes the following state-space form:{
ẋ(t) = Ax(t) + Buu(t) + Bww(t)

y(t) = Cx(t) = [
θc θm

]T (5)
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Fig. 2. Gravity torque representation. (a) Gravity force of the two arms.
(b) Position of the two hands on the steering wheel.

where x = [
θc θ̇c θm θ̇m

]T is the state vector; u = Te is the known

input; w = [
Tdr Tr

]T represents the vector of unknown inputs which
is composed of driver torque Tdr and road reaction torque Tr; and
y is the measurement signal. Our objective is to identify the driver’s
arms properties by measuring y(t). By estimating (θ̇c, θ̈c, Tdr) and
using (4), we can construct the following regression model:

Tdre(t) = �T
e (t)Z(t) (6)

where Tdre(t) is the estimated driver torque (i.e., the model output),

�T
e (t) =

[
θc(t)

ˆ̇θc(t)
ˆ̈θc(t)

]
is the estimated regressor vector,

and Z(t) = [
Kdr(t) Bdr(t) Jdr(t)

]T is the vector of unknown
properties to be identified.

So, the solution of our problem is to design an observer to estimate
(Tdre, �e), and then use an identification algorithm to identify the
vector Z(t). Using the EPAS dynamic model (5) and the sliding mode
observer with unknown inputs in conjunction with second-order slid-
ing mode differentiators [21], [26], the vector �e(t) and Tdre(t) could
be estimated. Then, using the regression model (6) and the EWRLS
algorithm (2), the vector Z(t) could be identified.

In addition to the muscular torque Tdr, the gravity torque acts on
the steering wheel. The gravity torque Tg is due to the weight of
arms, and resulting from the tangential component of the gravity
force, while the radial component does not contribute to the rotation
of the steering wheel (see Fig. 2). The gravity torque depends on the
angles of the two arms

Tg = TgR + TgL = −mgRl cos φ
[
cos qR − cos qL

]

where m is the mass of the arm; l is the forearm length; R is the radius
of the steering wheel; g is the gravitational acceleration; θR0 and θL0
are, respectively, the initial positions of the right and left hand on the
steering wheel; θR = θR0 + θc and θL = θL0 + θc are, respectively,
the angles of the right and left hands on the steering wheel; and φ is
the inclination of the steering wheel with respect to the vertical axis.
Assuming that the driver holds the steering wheel with both hands
around the initial position “nine-to-three” (i.e., our experiments) and
follows the desired trajectory without releasing the steering wheel
(θR0 = εR, θL0 = π − εL) and (qR = θc + εR, qL = ±(θc − εL)),
then the gravity torque is given by:

Tg ≈ mgRl cos φ(εR + εL) sin θc = Fg(t) sin θc(t). (7)

Under this consideration, the total driver’s exerted torque can be
defined as

Tdr(t) = Jdr(t)θ̈c(t) + Bdr(t)θ̇c(t) + Kdr(t)θc(t) + Fg sin θc. (8)

Fig. 3. (a) Test track. (b) Driving course and examples of the presentation
screen. (c) Driver holding the steering wheel.

With this representation, the regressor vector becomes �T
e =[

θc(t)
ˆ̇θc(t)

ˆ̈θc(t) sin θc(t)
]

and the unknown vector becomes

Z = [
Kdr(t) Bdr(t) Jdr(t) Fg(t)

]T .

III. EXPERIMENTAL RESULTS

The aim of the experiments is to validate the identification method,
to examine the viscoelastic properties of the driver’s arm during vehi-
cle steering maneuver, and to see how the assistance would influence
the driver’s arm viscoelastic properties. Five healthy subjects, male
Ph.D. students, participated in the experiments. The experiments were
performed using an HIL simulator developed at LAMIH laboratory.
The developed HIL is composed of the EPAS system, the reaction
force system, and the SCANeR studio system. The three systems are
embedded inside an actual Peugeot 207 vehicle. The EPAS system
is the real existing system in a production vehicle equipped with
EPAS provided by JTEKT Corporation. The reaction force system
load the road reaction force on the rack. The target road reaction
force are received from the SCANeR studio system (e.g., vehicle
model), then a control algorithm is applied to load this force on the
rack. The SCANeR system generates also 3-D driving environment
(e.g., road, decoration, and traffic). The assist motor and the road
reaction motor are controlled by MicroAutoBox 1401/1505 driven
by computer-MATLAB/Simulink. The sampling time is 0.0001 s.
The assist motor angle, the steering wheel angle, the steering torque,
and the reaction force applied on the rack are measured. The steer-
ing wheel angle is measured using two turn potentiometer, the motor
angle is measured using resolver, and the steering torque is measured
using rotation torque sensor (TR602, maximum torque: 20 Nm). The
measured signals are transformed into digital signals using 12 bit
analog-to-digital converter. The accuracy of the potentiometer is
(	θc = 720◦/4095 = ±0.1758◦ = ±0.003 rad). The accuracy of the
resolver (	θm = 360◦/4095 = ±0.0879◦ = ±0.0015rad). The accu-
racy of torque sensor is (	Tc = 20/4095 = ±0.0048Nm). Subjects
were asked to be seated in an adjustable car, to hold the steering wheel
with both hands around the position “nine-to-three” [see Fig. 3(c)], to
maintain central lane position as much as possible without releasing
the steering wheel, and to fix their speed around 15 m/s (see Fig. 3).

A. Model Validation

Figs. 4 and 5 show the driver’s inputs to the steering wheel while
driving on the track in the two cases, without assistance wna and
with assistance wa. As can be seen in Fig. 4(a) that the driver per-
forms approximately the same steering angle (i.e., same trajectory).
However, the driver provides less torque with assistance [Fig. 4(b)].
It can be seen in Fig. 4(b) and (c) that the driver torque and the road
reaction torque could be estimated with good accuracy. The speed
and the acceleration are not measured. To demonstrate the effec-
tiveness of the observer, we compare the online estimated velocity
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(a)

(b)

(c)

Fig. 4. Driver torque and road reaction torque during driving. (a) Steering
angle without assistance “wna” and with assistance “wa.” (b) Measured
and estimated driver torque without assistance wna and with assistance wa.
(c) Measured and estimated road reaction torque without assistance wna and
with assistance wa.

(a)

(b)

Fig. 5. Speed and acceleration estimation. (a) Speed. (b) Acceleration.

and acceleration with the velocity and acceleration calculated using
MATLAB functions “calculated.” First, the function “filtfilt,” per-
forms zero-phase filtering, is applied to the measured angles in order
to reduce the noise and filter delay, and then the function “diff” is
applied to the filtered signal to obtain the derivatives. As shown in
Fig. 5(a) and (b), both velocity and acceleration from observer are
close to the calculated signals.

Fig. 6(a) and (b) shows the estimated driver torque (Tdre), the iden-
tified driver torque (T̂dre) predicted by the model without considering
gravity torque (4), and the torque predicted by the model with consid-
ering gravity torque (8). It can be seen that the prediction capacity of
the model with gravity torque is better than the model without gravity
torque. To evaluate the quality of the identified model, we calculate
the square of the correlation between the estimated driver torque and

(a)

(b)

Fig. 6. Identified driver torque versus estimated driver torque for a typical
subject. (a) Without assistance wna. (b) With assistance wa.

the identified driver torque (i.e., R2 or coefficient of determination),
which is defined as

R2 = 1 −
∑

i

(
Tde(i) − T̂de(i)

)2

∑
i (Tde(i) − mean(Tde))

2
.

Table II shows the R2 value of the fitted models with and with-
out considering the gravity torque for the five subjects while driving
without and with assistance.

As seen in Table II, the prediction capacity (i.e., R2) of the model
with considering the gravity torque is better than the model without
considering the gravity torque when driving with and without assis-
tance. The predicted torque deviates much from the original torque
when the amplitude of the steering wheel angle, speed, and acceler-
ation is small. In fact, the inputs of the model without gravity torque
in this case does not contain significant information. Also, we note
that the value of the R2 for the two models is smaller with assistance
than without assistance. This could be due to the fact that the model
without assistance is more rich in information than with assistance
(e.g., amplitude of the driver torque).

B. Viscoelastic Properties Without and With Assistance

We present here the identified properties by the two models for a
typical subject while driving without and with assistance.

Fig. 7(a) and (b) shows the stiffness identified by the models with-
out and with gravity torque while driving without and with assistance.
We observe in Fig. 7(a) that the stiffness varies with the time, the
value of the stiffness with assistance is smaller than without assis-
tance, the shape of the stiffness variation with assistance is similar to
this one without assistance, and the amplitude of the variation of the
stiffness is smaller with assistance than without assistance. It could
be explained that the assistance make the driver regulate his stiffness
better than without assistance.

We can see in Fig. 7(a) and (b) that the amplitude of the stiff-
ness identified by the model with gravity is higher than the stiffness
identified by the model without gravity. This could be explained
by that the driver control his stiffness to resist the gravity force
[see Fig. 7(c)] and maintain the steering wheel. As can be seen in
Fig. 7(c), the gravity force with assistance is smaller than without
assistance (−Fg ≈ 100, wna, −Fg ≈ 86, wa), there is a peak in Fg
when the driver changes the direction of the steering wheel, and this
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(a)

(b)

(c)

Fig. 7. Identified stiffness and gravity component. Stiffness identified by the
model (a) without gravity and (b) with gravity. (c) Gravity component Fg.

(a)

(b)

(c)

Fig. 8. Identified viscosity. (a) Model without and with gravity—without
assistance. (b) Model without and with gravity—with assistance. (c) Model
without gravity—without and with assistance.

peak is larger in the case without assistance. The mean value of the
two values of Fg, wna and wa, is approximately −93 and the relative
error is 0.08. The difference between the two values could be an esti-
mation error, or due to the small difference in the performed steering
angle in the two cases, or due to the fact that the driver is more
relaxed when he drives with assistance which affects the muscular
contraction and the musculoskeletal tensions.

Fig. 8(a) and (b) shows the viscosity identified by the two models,
without Tg and with Tg, when driving without and with assistance.
It could be seen that the form of variation of viscosity identified by

(a)

(b)

(c)

Fig. 9. Identified inertia. (a) Model without and with gravity—without assis-
tance. (b) Model without and with gravity—with assistance. (c) Model without
gravity—without and with assistance.

the model without gravity differs from that identified by the model
with gravity when the torque predicted by this model deviates from
the original torque, and the amplitude of variation is greater with
the model with gravity. We observe from Fig. 8(c) that the form
of variation of viscosity with assistance is similar to this without
assistance. However, the value and the amplitude of the variation of
the viscosity with assistance are smaller than without assistance.

Fig. 9(a) and (b) shows the inertia identified by the two models,
without Tg and with Tg, when driving without and with assistance.
The negative sign of inertia, hypothetical sign, means that the inertia
torque will opposite the direction of the applied torque. One can see
that the form of variation of the inertia identified by the two models
are similar. However, the amplitude of variation is greater with the
model with gravity. As be shown in Fig. 9(c), the driver reduces his
inertia when driving with assistance.

We can notice that the driver’s arms viscoelastic properties vary
according to the driver’s efforts. When the driver reduces his efforts,
the value of these properties decreases, and the amplitude of its
variation decreases also, however, without significant changes in its
pattern. We observe that the contribution of stiffness in the torque
response is important when the driver reaches the desired position
and holds the steering wheel (i.e., straight line), and the contribution
of the viscosity is important when the driver changes the direction
of the movement (i.e., lane change maneuvre).

We assessed the natural frequency and the damping ratio,
Fig. 10(a) and (b), defined for a second-order system (e.g., model
without Tg) as Fn = (1/2π)

√
Kdr/Jdr and ξ = Bdr/

√
4KdrJdr.

It could be seen that the natural frequency varies according to the
steering condition, and the pattern of its variation without assistance
is similar to this one with assistance. The average values without
and with assistance are, respectively, 0.96, and 0.76 Hz. The natural
frequency of the subject decreases as the magnitude of his torque
decreases. We observe that the damping ratio with assistance is big-
ger than without assistance. This indicates that the damping is more
important in the case with assistance (i.e., minimum effort). It could
be seen that the damping ratio is almost bigger than one which
indicates that human arms are over damping.
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(a)

(b)

Fig. 10. Estimated natural frequency and damping ratio. (a) Natural
frequency. (b) Damping ratio.

(a)

(b)

Fig. 11. Time histories of the steering wheel angle and the driver torque for
five subjects without assistance. (a) Steering angle. (b) Driver torque.

C. Subjects Comparison

We aim to know if we can distinguish between the subjects using
their viscoelastic properties in order to develop an assistance adapted
to the people’s viscoelastic properties. For this purpose, we compare
the identified viscoelastic properties of the subjects. Figs. 11 and 12
show the provided steering wheel angle and driver torque for five
subjects when driving without and with assistance. As can be seen
from these figures that the subjects do not perform exactly the same
steering wheel angle (e.g., the same trajectory), there is delay between
the performed steering angle due to the different driving styles. We
can see in Fig. 11(a) that subjects 2 and 3 perform approximately the
same steering angle, and the subjects 2–4 perform approximately the
same steering angle between 32 and 100 s. We observe in Fig. 12(a)
that subjects 2 and 3 perform approximately the same steering angle
between 0 and 40 s, and subjects 1 and 4 effect approximately the
same steering angle between 0 and 68 s. We remark that the pattern

(a)

(b)

Fig. 12. Time histories of the steering wheel angle and the driver torque for
five subjects with assistance. (a) Steering angle. (b) Driver torque.

(a)

(b)

(c)

Fig. 13. Identified properties of five subjects when driving without assistance.
(a) Stiffness. (b) Viscosity. (c) Inertia.

of the torque provided by the subjects may be differ slightly even
when the subjects perform the same steering angle.

Figs. 13 and 14 show, respectively, comparison between the vis-
coelastic properties of five subjects when driving without assistance
and with assistance. As can be seen in Figs. 13(a) and 14(a), there
are differences between the subjects in average value and in ampli-
tude of the variation of the stiffness. This difference could be due
to the fact that subjects do not perform exactly the same steering
angle and provide exactly the same torque. Regarding the viscosity
[Figs. 13(b) and 14(b)], we can remark that the viscosity of sub-
jects 2 and 3 are considerably different, when driving without
assistance and with assistance, even when both subjects perform the
same maneuvers [see Figs. 11(a) and 12(a)]. We can see also that
there is a different in value of the viscosity between the subjects.
As can be seen in Figs. 13(c) and 14(c), the pattern of the identified
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(a)

(b)

(c)

Fig. 14. Identified properties of five subjects when driving with assistance.
(a) Stiffness. (b) Viscosity. (c) Inertia.

inertia is similar for all subjects. There are differences in the aver-
age value and in the amplitude of the variation. We can conclude
that the driver’s viscoelastic during steering maneuver are different.
These differences could be due to the musculoskeletal characteristics
of each driver and to the driver’s style of driving.

IV. CONCLUSION

In this correspondence paper, an online method for estimating
driver’s arm viscoelastic properties during driving vehicle was pro-
posed. The method is designed using sliding mode observer and
EWRLS algorithm based on a time-varying model of driver’s arm in
interaction with EPAS system. The method does not require pertur-
bation torque which may influence the driver behavior. Experiments
were carried out to validate the identification method and to examine
the viscoelastic properties during driving vehicle. The experimental
results show that the proposed model can predict the torque provided
by driver during steering the vehicle, which confirms the validity
of both the model and the identification method. It has been indi-
cated that the driver adapts his arm properties during steering vehicle
depending on steering condition, the value of the viscoelastic prop-
erties, and the amplitude of its variation decrease without significant
changes in its pattern when the driver reduces his effort. It is indicated
that the damping is more important when the driver reduces his torque
and the driver’s natural frequency decreases when the driver reduces
his torque. Finally, the results showed that the driver’s viscoelastic
properties during steering maneuver may differ due to the driving
styles and to the musculoskeletal characteristics. In the future work,
the design of an assistance for the EPAS system based on driver’s
viscoelastic properties will be developed.
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