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Abstract: This paper aims to find a mathematical justification for the non-linear steady state steering
haptic response as a function of driver arm posture. Experiments show that different arm postures,
that is, same hands location on the steering wheel but at different initial steering angles, result in a
change in maximum driver arm stiffness. This implies the need for different steering torque response
as a function of steering angle, which is under investigation. A quasi-static musculoskeletal driver
model considering elbow and shoulder joints is developed for posture analysis. The torque acting in
the shoulder joint is higher than in the elbow. The relationship between the joint torque and joint
angle is linear in the shoulder, whereas the non-linearity occurs in the elbow joint. The simulation
results qualitatively indicate a similar pattern as compared to the experimental muscle activity results.
Due to increasing muscle non-linearity at high steering angles, the arm stiffness decreases and then
the hypothesis suggests that the effective steering stiffness is intentionally reduced for a consistent
on-center haptic response.

Keywords: musculoskeletal; driver model; steering response; cybernetics

1. Introduction

The development of Advanced Driver Assistance Systems (ADAS) and Automated
Driving Systems targets to improve vehicle safety, driving comfort and user acceptance.
Various Roadmaps and Action Plans [1] predict the exploitation of highly automated
vehicles (SAE Level 4 and 5) from 2020; however, their fleet in the coming decades will be
increased progressively rather than instantaneously. Hence, the semi-automated driving
(SAE Level 2 and 3), keeping the human-in-the-loop, will still dominate resulting in the
further development of ADAS as well as the next generation of steering systems. In
the state-of-the-art steering systems, the steering feedback is manipulated by the haptic
controller. One of the most important cues in the driver–vehicle interaction is the haptic
feedback from the steering wheel [2]. It provides the driver with a desired part of the
steering feel. This steering feedback is dependent on the haptic control strategy [3,4],
which further consists of various software functions. One of them is the basic steering
assist function.

1.1. Basic Steering Assist Function

The basic steering assist function creates a non-linear on-center steering response—
refer Figure 1—which is represented in terms of steering torque vs. steering wheel angle
(SWA), thus defining the effective steering stiffness. This non-linear response is developed
objectively and subjectively in an empirical manner using simulations or driving simulator
experiments [5,6]. The data shown in Figures 1 and 2 are acquired during a steady state
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sinus maneuver (at 0.20 Hz steering frequency and 60 km/h vehicle speed) performed by
a steering robot in a test vehicle at a proving ground. The effective steering stiffness, at a
certain steering angle, increases at higher vehicle speeds. But the paper considers only one
vehicle speed to emphasize the hypothesis. Our results will also be qualitatively applicable
to all other vehicle speeds.
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Figure 1. Typical on-center response, exhibiting the software developed non-linear relation between
the steering wheel angle and the steering torque.
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Figure 2. A linear relation between the steering wheel angle and the steering rack force as well as the
lateral acceleration.

Since a typical on-center steering response is non-linear; such that the effective steering
stiffness reduces over an increasing steering angle (Figure 1) and at a given vehicle speed.
During this operational range (i.e., within 3–4 m/s2 vehicle lateral acceleration), the steering
rack force generated by front axle tire lateral forces and self-aligning moments acting on
the steering rack, behaves approximately linearly over the steering angle, see Figure 2. Tire
non-linearity around 60 km/h speed occurs at higher lateral acceleration (i.e., for high
steering angles on a nominal road surface condition), which we have kept out of context.
The lateral acceleration behaves almost linearly over steering angle, as it can be seen in
Figure 2. This implies that the non-linearity is not contributed by the front axle tire forces or
moments. In fact, the non-linearity in the steering response is caused by the software tuning
in the assistance motor and created intentionally by the basic steering assist function [2].

The research goal of the proposed hypothesis is, to objectively investigate the rea-
son behind this on-center steering stiffness shape (see Figure 1) and how this non-linear
response is related to the drivers’ musculoskeletal arm posture. This would eventually
contribute in understanding and developing the haptic feedback functions as a dependent
factor on the driver-steering interface and the corresponding muscle movements during
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the interaction. To analyze the effect of posture and geometrical muscle movements, we
have developed a quasi-static musculoskeletal driver model including different joints for
the hand, elbow and shoulder. In future, these kind of multibody driver models could be
used more objectively for tuning the haptic response as a function of posture movements
in simulations.

1.2. Conventional Control Perspective Driver Models

McRuer was one of the first to come up with a driver model from a control perspective.
The crossover model [7] describes a control method in which the order of control denotes the
number of integrations between the human and the output of the system being controlled.
The general conclusion of the crossover model is that humans can adapt their internal
control behaviour to adjust their steering behavior. The human brain adapts by either
basing the control behavior on position, velocity or acceleration by making use of prediction
or memory.

Opposite to crossover-compensatory models, preview-tracking approaches using
future path information are proposed. These models take into account the human antici-
pation capabilities and based on the current vehicle states, the previewed path to follow
over a time horizon, the vehicle dynamics, and the knowledge of their own interaction
with the steering wheel interface. These models can be classified as single-point [8,9] and
multiple-point preview models [10,11]. However, these models are mainly focused on the
path tracking task rather than the haptic feedback task.

In order to investigate the driver’s steering response, one Degree of Freedom linear
mass-spring-damper system is used by Pick & Cole [12,13] to analyse the end-point admit-
tance of the driver’s arms. The system identification is done by applying random torque
disturbances to the driver’s arms. Muscle co-contraction is found to increase the arm
stiffness and damping [12]. The model has later been extended with an improved model
of the intrinsic muscle dynamics [14]. Previously intrinsic muscle dynamics are thought
to be dominated by a stiffness term [13]. However, Hoult & Cole found that the intrinsic
muscle dynamics are dominated by a damping term at low frequencies [15]. The intrinsic
and reflexive joint resistance are found to vary strongly with experimental conditions and
depend in particular on task instructions, perturbations, posture and applied forces [16].

1.3. Neuromusculoskeletal Driver Models

Sentouh et al. [17] proposed a driver model including steering torque feedback. This
model does not include reflex dynamics explicitly. However, the model includes a time
delay to indicate the neuromuscular processing delay. The driver model is divided into
two levels: preview tracking and compensatory tracking [18], and it takes into account the
driver’s sensory dynamics and their effects on steering control. De Vlugt et al. [19,20] de-
veloped a neuromusculoskeletal (NMS) model to estimate intrinsic and reflexive properties
of the arm muscles. After electromyography (EMG) measurement analysis, the dynamic
properties of the arm were estimated. These musculoskeletal (driver) models considered
the vehicle dynamics to be linear. Katzourakis et al. [21] adjusted the neuromuscular mod-
els of de Vlugt [22] and Abbink [23] to make the new model applicable for large steering
wheel angles due to the adaptability to changes in muscle length. Also the model was
developed to convert the desired steering angle to the desired muscle force to achieve this
angle. However, none of these models consider the relation between the non-linear steering
response and the drivers’ musculoskeletal arm posture. In [21], the variation in human
arm end-point admittance as a function of the road curvature is analyzed, whereas the
role of driving posture is not investigated. Lately, a simplified 2 DoF dynamic model [24]
of drivers’ neuromuscular interaction with a steering wheel performing different steer-
ing tasks, arm positions, and driver postures, is proposed. However, the more detailed
investigations related to musculoskeletal driver’s arm posture are still open.

Therefore the main aim of this research is to find out what causes a desired steer-
ing response when investigating the steering posture from a cybernetics perspective (i.e.,
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describing the human in control engineering terms) [25]. The hypothesis is that the muscu-
loskeletal driver’s arm posture could be responsible for the designed steering response. In
the Section 2, a 3-dimensional driver model was developed to analyze the joint torques
and the experiments were conducted for comparison of qualitative trends in data in
Section 3. Simulation and experimental results are analyzed to conclude on the hypothesis
in Section 4.

2. Musculoskeletal Driver Model

Typical neuromuscular steering models demonstrate a promise to understand the
effect of non-linear driver arm mechanics, that is, combination of inertia, spring and damper
elements. For a comprehensive investigation of the driving posture, a model considering
3-dimensional arm mechanics can be used.

2.1. 3-Dimensional Model Characteristics

In order to obtain the relation between the arm posture and the non-linear steering
response, the joint torques and angles should be known. Hence, a 3-dimensional model of
the human posture needs to be developed to determine the joint angles for different steering
angular positions, and finally to compute the joint torques. The following assumptions are
considered for the model:

• A quasi-static model is implemented to ensure a unique solution, because only the
steady-state behavior is investigated.

• Shoulder and elbow joints are considered, neglecting wrist because of its negligible
influence in terms of displacement and force on the overall system.

• In the shoulder joints only x- and y-rotation are considered. This ensures sufficient
reachability while not including extra degrees of freedom and realizing a less compu-
tationally demanding model.

• The shoulder joint rotation in x-direction is fixed to a constant value to ensure a unique
quasi-static solution. This is motivated by the assumption that these angles vary the
least compared to the other joint angles during steering.

• The elbow joints are limited to moving in y- and z-direction only to ensure a unique
solution while retaining the required reachability on the steering wheel trajectory.

• The mass between the shoulders is fixed in x-, y- and z-direction at the center of mass.
• The endpoints of the forearms (i.e., the hands) are fixed to the steering wheel trajectory

in a quarter-to-three steering posture.
• The upper arm is constrained which prevents independent movement with respect to

the mass between the shoulders.
• Forearm and upper arm are constrained so they are not allowed to move independent

from each other.
• The centers of mass are positioned according to anthropometric standards [26] and,

therefore not located exactly in the middle of each body. All other parameters describ-
ing limb lengths and masses follow the same anthropometric standards.

2.2. Multibody Arm Model

Each arm consists of two rigid bodies connected at the shoulders by a mass represent-
ing the head, neck and shoulders. This adds up to a total of five bodies connected by eight
hinge joints as shown in Figure 3.
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Figure 3. Illustrative diagram of the human arms.

The gravity is assumed to work in the negative z-direction. The independent coor-
dinates φj = (α1, α4, β1, β2, β3, β4, γ2, γ3) and their time derivatives are used to describe
the rotations. The Euler angles (xyz) α, β, and γ are expressed using rotation matrices Rα,
Rβ, and Rγ. The CoM coordinates of the five bodies, xi = (x1, y1, z1 . . . x5, y5, z5) are
constructed in terms of the system parameters and angles of rotation.

2.3. Deriving Joint Angles from Steering Wheel Envelope

The reaction torque from the steering wheel is added on the hands (points C and D),
acting in the direction of the steering wheel axis. The steering wheel torque reaction on the
hands is an external torque input to the multibody model. The method of virtual power
and Lagrange multipliers is used to describe all motions using the following force balance.

Fi − Mij ẍj − Ck,iλk = 0, i, j = 1 . . . n, k = 1 . . . m. (1)

These are the constrained equations of motion—a set of differential equations that
describe the dynamic equilibrium of the system, expressed in the unknown center of
mass accelerations ẍj, the unknown Lagrange multipliers λk and the additional kinematic
constraints Ck.

The forces acting on the left and right hand are calculated. The total steering wheel
force is equally distributed over the two hands. The steering wheel envelope in 3D space is
created based on the driving posture [27] and tilt angle of the steering wheel. Because the
driver’s posture is varying over steering wheel angle θstr, the joint angles φj are changing
accordingly. The joint angles for a certain θstr are calculated. The angles α1 and α4 are given
an initial value of either 0◦, 10◦ or 20◦. This ensures that the number of joint DoF is equal to
the number of geometrical constraint equations resulting in a unique quasi-static solution.
More details can be found in [28].

3. Experiment and Parameter Estimation

In order to analyze the influence of changes in driving posture on the steering re-
sponse, two experiments were performed. The first experiment compares driving posture
for varying steering wheel angles, estimating the musculoskeletal arm admittance pa-
rameters (Jarm, barm & carm). The goal of the second experiment is to analyze changes in
muscle activity during a low frequency sinusoidal motion applied to the steering wheel by
the driver.
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3.1. Position Task for Varying Steering Wheel Angles

A set of measurement data was used to analyze the effect of postural changes during
driving. The experiment was conducted using the force-feedback (FFb) steering test rig. It
was equipped with a direct drive of the steer to the force-feedback motor. The motor torque
was requested externally using a dSPACE real-time (MicroAutoBox) machine via CAN
interface at 1 ms communication time step. The muscle activation of the participant was
measured using surface EMG electrodes (pairs of two, equally spaced). All EMG electrodes
were placed according to SENIAM standards [29]. The measured currents were recorded
by Vitaport using eight channels. The four measured muscles are listed in Table 1 below,
including their functionalities for the left arm.

Table 1. Measured muscles and their functionalities [23].

Muscle Name Location Functionality Left Arm

Biceps Brachii (BB) Upper arm Aids in steering left
Flexor Carpi Radialis (FC) Lower arm Gripping the wheel
Deltoideus Anterior (DA) Shoulder Aids in steering right
Deltoideus Posterior (DP) Shoulder Aids in steering right

The first experiment was done by exciting the motor with a sinus sweep signal linearly
increasing from 0.1 to 20 Hz, where the driver acts as a steering wheel angle position
controller with maximum possible resistance (i.e., high arm impedance), thus minimizing
the angular deviations.

For consistency of the experiment, the following were ensured: (a) quarter-to-three
driving position (see Figure 4) of the hands at all times; (b) measurement repeatability
with multiple runs considering driver arms’ fatigue; (c) two motor (excitation) torque
amplitudes, 1 and 2 Nm; and (d) upright posture with only moving hands and arms when
applying torque. The inference is as follows:

1. Test results almost independent of the torque levels.
2. A similar frequency response behavior for the same positive and negative steering

angular position tests.

Figure 4. Participant holding the steer in quarter-to-three hand to steering wheel position.
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The time based differential equations of the steering system including the steering
inertia-spring-damper parameters (Jstr, bstr and cstr), the steering torque Mstr and motor
torque Mmot are defined in Equation (2).

Jstr θ̈str = −bstr θ̇str + Mstr − Mmot, Jarm θ̈str = −barm θ̇str − carmθstr − Mstr. (2)

After applying the Laplace transformation to the differential equations, the frequency
response function (FRF) from steering torque to steering angular position or velocity can be
defined as admittance, given in Equation (3), containing information regarding the effective
(or 1 DoF) inertia-spring-damper parameters for each test respectively. From the measured
FRF admittance function the parameters can subsequently be estimated.

Hadm(jω) =
ωstr(jω)

Mstr(jω)
=

−jω
carm − Jarmω2 + barm jω

. (3)

It is also possible to use the motor torque signal for the FRF plots instead of steering
torque signal, such that the total inertia Jtot and total damping btot are used in the above
definition, such that:

Jtot = Jarm + Jstr, btot = barm + bstr. (4)

The unknown parameters, inertia, damping and stiffness (Jarm, barm and carm), were
estimated by minimizing the root mean square error in gain and phase between the model
(Ĥadm) and the measured (Hadm) response [4]. An inertia-spring-damper model is sufficient
to fit the arm dynamics [12].

3.2. Sinus Motion Applied by Driver

In the second measurement scenario, multiple low frequency sinusoidal movements
were applied to the steering wheel by the participant. There was no other disturbance
applied to the steering wheel. In this case the motor torque was described by a linear spring
stiffness. This implies that the steering stiffness was constant at all steering wheel angles.

The variables measured in this experiment were eight EMG signals (four for each arm,
see Table 1), the steering wheel angle θstr, the driver applied torque Mstr and the motor
torque Min. The steering wheel diameter dstr was 0.315 m.

4. Results and Discussion

The model is limited to eight rotational degrees of freedom which result in a unique
solution for every steering wheel angle, whereas the real-life human arm posture with
more degrees of freedom does not result in a unique solution. Therefore the results are
analyzed from a qualitative perspective and all the values are normalized.

The overall arm end-point admittance Hadm from the experimental data was estimated
with a high coherence and is therefore considered to be reliable for all participants. The
EMG data contain very large deviations between participants due to differences in electrode
placement. Due to a low-frequency drift over time caused by motor learning [30], the
EMG activity in terms of magnitude cannot be compared. Cross–talk between muscles,
surrounding electro–magnetic fields and poor skin conductivity, could cause noise in
EMG measurement data [31]. Therefore, the model is merely qualitatively comparable
to the experimental data. The experiments were performed with only a few participants
completing all scenarios. For clarity purposes, the results in muscle activity are illustrated
by the results of a typical participant.

4.1. Frequency Response Function Results

Figure 5 shows the FRF from steering torque to steering angular position. The fre-
quency response plot corresponding to Equation (3), is given in Figure 6.



Vehicles 2021, 3 118

0.5 1 2 5 10 20
0

1

2

3

4

G
a
in

 [
°
/N

m
]

str
/M

str

str,0
 = 0°

str,0
 = 45°

str,0
 = 90°

0.5 1 2 5 10 20

Frequency [Hz]

0

100

200

P
h
a
s
e
 [
°
]

e
 (  )

Figure 5. Measured frequency response function (FRF) for three steering angular positions (0◦, 45◦

and 90◦) from steering torque to steering angular position.
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Figure 6. Measured FRF for three steering angular positions (0◦, 45◦ and 90◦) from steering torque to
steering angular velocity.

The FRF gain and phase are plotted over 1 to 20 Hz frequency range. It includes the
data from three different steering angular positions (i.e., 0◦, 45◦ and 90◦) with an excitation
torque level of 1 Nm. The steering wheel inertia Jstr was equal to 0.03 kgm2. The steering
wheel damping bstr was 0.065 Nms/rad. The system was rigid and therefore the stiffness
cstr approaches infinity as there was no compliance.

The main observation from this result in Figure 6 is the drop in first FRF eigenfrequency
with increasing steering angular position, particularly from 45◦ to 90◦. This implies either
decreasing carm or increasing Jarm or both. In Figure 5, the increasing steady state value over
an increasing steering angle initial position explicitly explains the cause of a decreasing
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carm. Due to conservation of mass for a physical driver arm and considering the same
driver, the effective inertia Jarm is more or less independent of different initial angular
positions. Therefore, the drop in eigenfrequency ωe is primarily caused by the drop in
effective arm stiffness carm with an increasing steering angle.

To investigate the decrease of carm over an increasing steering angular position, EMG
measurements were performed. This provided an opportunity to analyze the effect of
driving arm posture, that is, variation in joint torques over joint angles or steering wheel
angle for understanding the steady state behavior.

4.2. Simulation Approach

Given a torque profile resulting from a linear spring stiffness cre f with a maximum
of 3 Nm, the relation between steering torque and steering wheel angle is defined in
Equation (5).

Mmot = cre f θstr. (5)

The relation between θstr and φj is calculated. Using the applied steering torque and
the Energy and Lagrange EoM, the relation between applied torque Mstr and joint torque
Mj is calculated. Therefore the following relations are known.

∂Mstr

∂θstr
,

∂θstr

∂φj
and

∂Mstr

∂Mj
. (6)

After completing the model describing the steady-state multibody arm model in 3D,
the resulting joint torque Mj versus joint angle φj relations were computed. The goal was
to compute the joint torques over varying joint angles due to varying steering posture.
Therefore the rate of change in joint torques over joint angles, that is, the desired output of
the driver model, is mathematically related to the rate of change in steering torque input
Mstr over steering wheel angle in the form of partial derivate equations as:

∂Mstr

∂θstr
= ∑

j

∂Mstr/∂Mj

∂θstr/∂φj

∂Mj

∂φj
. (7)

Due to the qualitative comparison between the model and experimental data, the rate
of change in joint torques and joint angles is computed. The relation between joint torque
and joint angle can be defined using the rotational joint stiffness Kj.

Mj = Kjφj. (8)

The joint stiffness can be defined as the rate of change in joint torques with respect to
their joint angles. The partial derivative of the joint torque Mj over joint angle φj results in
the following relation.

∂Mj

∂φj
= Kj + φj

∂Kj

∂φj
. (9)

This relation ensures the change in stiffness Kj of the joints can be calculated. The
joint stiffness is related to the muscle contraction, and therefore provides more information
about the biomechanics of the posture for various θstr.

4.3. Linear Relation in Shoulder Joint

The experimental scenario in which the driver applies a low frequency sinusoidal
movement to the steering wheel is considered. In this case the shoulders are fixed to
(α1, α4) = (−20◦, 20◦) and therefore Tx is not varying over α and remains zero as can be
seen from Figure 7.
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Figure 7. Normalized shoulder joint torques over normalized steering wheel angle.

It can be seen in Figure 8 that the joint torque versus joint angle relation is partially
linear in the shoulder for one of the rotation directions and becomes non-linear at the higher
steering wheel angles when varying over steering wheel angles. Figure 8 shows linear
behavior of the shoulder joint torques (i.e., having a linear stiffness) when the steering
posture is varying over joint angles. The rotation stiffness is 0.0529 Nm/deg and the slope
in the joint torque vs joint angle plot is constant.
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Figure 8. Normalized shoulder joint torques over normalized joint angle.

The EMG activity of the Deltoideus Anterior (DA) muscle during this low frequency
sinus measurement is shown in Figure 9. As the quantitative EMG data contains bias and
random errors due to muscle memory and measurement noise, only trends in these values
are analyzed.

The muscle activity of the front shoulder muscle (Figure 10) resembles the shoulder
joint torque. The change in EMG activity over varying steering wheel angle is approxi-
mately linear. This is notable, since the change in joint torque over steering wheel angle
from the driver model simulation was for the largest contribution linear as well for one
of the rotation directions (Figure 7). In terms of magnitude, the driver model data shows
relatively high values in shoulder joint torque compared to the elbow data.
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4.4. Non-Linear Relation in Elbow Joint

The stiffness in the elbow joint is varying over θstr (i.e., varying steering wheel angles).
The initial position at θstr = 0◦ is quarter to three. The driver model simulation results are
shown in Figures 11 and 12. The values in joint torque versus steering wheel angle graphs
are normalized for qualitative analysis.

The rotational degrees of freedom in the driver model are limited to y- and z-axis
rotation. Therefore the rotational joint torque in x-direction Tx remains zero for all steering
wheel angles (Figure 11). The rotational torques in y- and z-direction in the elbow joint
show a non-linear symmetric behaviour over varying steering wheel angle. In Figure 12
the joint torque over joint angle graph shows a non-linear relation as well.

For the postures where the hand is moving from side to top of the steering wheel, the
torque over angle relation is close to linear for both β2 and γ2 rotations (see Figures 11 and 12).
In the postures where the hand is moving from side to bottom of the steering wheel, the
torque over angle relation is non-linear for β2 and γ2. The same holds for the left arm and
the joint rotations β3 and γ3.
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Figure 11. Normalized elbow joint torques over normalized steering wheel angle.
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Figure 12. Normalized elbow joint torques over normalized joint angle.

The EMG activity of the FC muscle during the sine sweep maneuver is shown in
Figure 13 for the lower arm muscle, which generates a force acting on the elbow. There-
fore this muscle’s data is compared to the elbow joint torque from the driver model
simulation results.

In Figure 14, the muscle activity of the lower arm muscle is shown over normalized
steering wheel angle. The change in EMG activity over varying steering wheel angle
demonstrates non-linear trends for off-centre steering wheel angles. Similar behaviour
was seen in the joint torque versus steering wheel angle results from the driver model
(Figure 11). In terms of magnitude, the elbow data shows relatively smaller values com-
pared to the shoulder data.
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Figure 13. Normalized EMG activity Flexor Carpi Radialis (FC) (i.e., lower arm) over time.

0 0.2 0.4 0.6 0.8 1

Norm. steering wheel angle

0

0.2

0.4

0.6

0.8

1

N
o
rm

. 
E

M
G

 C
h
a
n
n
e
l

Left

Right

Figure 14. Normalized muscle activity over normalized steering wheel angle.

5. Conclusions

The frequency response measurements show that the maximum estimated driver arm
stiffness reduces with an increasing steering angular position, while keeping the same
location of hands on the steering wheel. This lays the foundation of our research problem
and it implies, the role of driving arm posture in creating a desired non-linear on-center
steering haptic response. A decreasing muscular arm stiffness with an increasing steering
wheel angle, thus requires an increasing assistance from the servo motor for a consistent
feeling. As a result, the rate of change of steering torque over steering angle is knowingly
created with a non-linear trend, to overcome the effects of changing arm posture which
is subsequently causing a reduction in arm stiffness. We have also shown that there is no
other external influence of tire and vehicle non-linear effects using measurements from a
real vehicle.

To investigate and analyze this problem further, we have developed a 3-Dimensional
musculoskeletal driver model. This multibody driver model indicate similar qualitative
trends as the experimental results from the muscle activity. The following conclusions can
be drawn from the simulation and experimental results.

• The torque distribution over the joints is matching the expectation that a large number
of muscles or a relatively large physiological cross-sectional area (PCSA) generates a
high muscle torque.
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• The change in joint torque over steering wheel angle is found to be partially lin-
ear in the shoulder joint for one of the rotation directions in both simulation and
experimental results.

• The non-linearity in joint torque over steering wheel angle are present in the elbow
joint. This result was noticeable in simulation as well as experimental data.

• A decreasing arm stiffness requires the driver to be aided more at high steering wheel
angles. This can be explained using the response of joint torques which are dependent
on the driving arm posture.

Our study has investigated the dependency between the steady-state on-center haptic
response and the driver arm posture while steering. Although the exact quantified rela-
tionship has not been identified between the theory and experiment findings, but we have
exhibited qualitative and indicative similarities. These results would be useful in tuning
the haptic feedback functions for a given driver-steering interaction setup. Also, a change
in haptic interface would result in a different required haptic response due to changed
driver-steering posture. Thus, the steering feedback should be re-designed using a similar
multibody driver model, as developed in our work, for new methods of haptic interfaces,
for example joysticks, trackball and so forth.

For future work, the musculoskeletal driver model should be improved with reduced
assumptions and by considering the dynamics movements for inertial torque components.
We also aim to perform similar experiments with different steering haptic interfaces. To
validate and compare these results in a more quantitative manner. This would subsequently
be useful for objectively tuning the basic assist function in steering controllers, considering
a given haptic interface and the corresponding muscle’s movement.
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Abbreviations
The following abbreviations are used in this manuscript:

SWA Steering Wheel Angle
NMS Neuromusculoskeletal
EMG Electromyography
DoF Degree of Freedom
CoM Center of Mass
DAE Differential Algebraic Equation
FFb Force-Feedback
SENIAM Surface Electromyography for the Non-Invasive Assessment of Muscles
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BB Biceps Brachii
FC Flexor Carpi Radialis
DA Deltoideus Anterior
CP Deltoideus Posterior
FRF Frequency Response Function
PCSA Physiological Cross-Sectional Area
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