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Abstract  

The paper focuses on the development and first employment of a new Instrumented Steering Wheel (ISW), 

useful to conceive future controls for Advanced Driver Assistance Systems or Automated Vehicles. The 

Instrumented Steering Wheel is particularly suited to develop new and accurate driver models, which are 

needed to enable the addressed controls. By the new Instrumented Steering wheel, the effects on vehicle 

control of the Neuro-Muscular System of drivers can be studied. 

The ISW senses, at each hand, three forces and three moments. Additionally, the grip at each of the two 

hands is sensed. The design of the ISW has been performed based on advanced modelling and optimization 

techniques. The mass, moments of inertia and structural stiffness of the ISW are the ones of a common 

steering wheel. Both dynamic and static tests of the ISW have been performed to validate the design models 

and to assess the measurement characteristics. The high accuracy of the ISW is obtained after compensation 

of inertial effects induced either by gravity,  or ISW rotation angle or vehicle motion. 

An early employment of the ISW has been made. During an emergency manoeuvre on a test track, the role 

of each hand in applying the total moment at the steering wheel has been highlighted. The hands apply at 

the steering wheel not only forces but also extremely relevant moments. The Neuro-Muscular Systems of 

the two arms, two wrists and two hands are activated separately and according with a pattern that deserve 

further study. This observation provides a comprehensive basis for the future development of new accurate 

driver models. 
 

Keywords:  Steering Wheel, ADAS, Automated Vehicles, Driver model, Load cell, Neuro-Muscular 

System activation. 
 

1. Introduction  
Designing the controls of either Advanced Driver Assistance Systems (ADAS) or Automated Vehicles (AV) 

requires an accurate driver model [1]. Ten groups of ADAS were identified in [2] and five groups of ADAS 

were considered in [3]. The design of all such ADAS systems could benefit from a driver model in which the 

activation of the Neuro-Muscular System (NMS) is properly taken into account. Actually, the delay between 

the warning provided by ADAS and the driver’s activation of the NMS takes a crucial role for the success of 

the driving manoeuvre. The driver’s reaction time depends mostly on the activation of the NMS. We know 
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(combining the results from references reported in [4] and [5]) that the visual perception by the retina 

requires approximately 50-100ms, the brain processing of the different external stimuli requires, to make a 

decision, approximately 100ms. The activation of the NMS requires 300 to 800ms. The delay of actuation of 

the vehicle systems (steering column, electric- or hydraulic power steering, tyres, ...) requires some more 

time for the manoeuvre to be completed. In case of a steering action, up to some hundred milliseconds may 

be necessary, depending on the manoeuvre [1,5]. It appears that the NMS activation provides the biggest 

delay in the overall driving manoeuvre, i.e. the driver’s reaction time depends mainly on the NMS activation.  

Unfortunately, at the moment, despite the many attempts reported in [1,5], a generally accepted driver 

model seems not being available, especially for what concerns the accurate modelling of the driver’s reaction 

time.  

From the addressed analysis of time delays, we see that the activation of the NMS takes a crucial role within 

the total driver’s reaction time. A pioneering and fundamental contribution for including the NMS activation 

into a driver model has been made by Cole et Al. [6-10]. In [6], a comprehensive review is given on how to 

include the NMS activation into a driver model. In [6-10] the driver model with NMS activation provides the 

total moment at the steering wheel. The single forces and moments applied by the two hands (arms) on the 

steering wheel are combined into a total moment acting on the steering column. It appears that a driver 

model with separate NMS activation for the two arms and hands could, in principle, provide a better 

estimation of the driver’s reaction time. Focusing on an accurate NMS activation of hands and arms may 

guarantee an accurate estimation of driver’s reaction time. A study in such a direction is still to be fully 

deployed, focusing on moments applied by each hand at the steering wheel [7,16]. An ISW able to measure 

separately the forces and moments applied by each hand (arm) seems necessary for the NMS activation 

analysis. 

This introduction section has started focusing on ADAS, because the conceptual design of AV controls is still 

under development. The demand of an accurate driver model for deriving effective AV controls is even more 

urgent than for ADAS. 

The paper will not deal with the derivation of controls of ADAS or AV but will focus on an Instrumented 

Steering Wheel that enables the derivation of accurate driver models, to be included into mentioned 

controls. Such controls, providing the proper assistance during the time instants in which the driving control 

is passed or shared, require an in-depth knowledge of the interaction between the driver and the steering 

system.  

In the literature, some sensors exist that are similar to the ISW introduced in this paper. In [7], the 

neuromuscular activity of the human arms while steering is studied, and a test bench with a six-axis load cell 

mounted on the steering column has been developed. The forces applied by each hand are then estimated 

with some error, generated by the assumption of no moment applied by each single hand. Forces and 

moments (torques) at each hand can be measured by the ISW presented in this paper. The ISW could be used 

in combination with electromyography (EMG) signals to relate them to the forces, moments and grip applied 

by each hand [8-9]. A similar force platform has been adopted in [11] to compare some new steering wheel 

designs. 

There are many commercial ISWs able to measure the total steering moment [12-15], no distinction is 

provided whether the moment comes from one hand or the other. Many of such ISWs measure the steady 

resultant moment at the steering wheel with reasonable performance. However, measuring accurately the 

transient steering moment could be hard to be achieved by current commercial ISWs. Actually, often, for 

some commercial ISWs, the moment of inertia around the rotation axis of the steering wheel is not equal to 

the one of a reference/common steering wheel.  

In the literature, an ISW is presented which measures the forces at each hand in three separate sections, 

without any information of the grip force [16]. In [16], the authors use the ISW on a static driving simulator 
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in a lane tracking test. Since the position of the hand is not detected properly, the derivation of moments id 

difficult. Another ISW, which measures forces and moments, has been presented in [17]. The performance 

and accuracy of the ISW presented in this paper have been improved with respect to the ones reported in 

[17]. 

The new ISW aims to provide, for each single hand, very accurate forces, moments and grip forces, better 

than in current applications. 

The detection of the moment at the steering wheel is useful in the development of control logics for 

Electronic Power Steering (EPS) systems, as shown in [18] where a device is used to derive the steering 

moment. We can state that measuring the steering moment is a relevant information, we propose to 

measure not only the resultant steering moment but the action of each hand. This can be important to let 

EPS cope with moment activation patterns, still to be discovered and studied [1]. 

An important application of the measurement of steering wheel forces is the tuning of EPS logics for 

particular categories of users, like elderly people or people affected by certain pathologies [19]. In this case 

it is important to acquire the forces and the moments at each hand [16]. In [16], the Authors suggest that 

having an instrumented steering wheel is useful in the calibration of electromyography (EMG) signals during 

driving, as done in [7]. Being our new ISW particularly accurate, it could be used for improved applications 

like the ones mentioned. 

The detection of the driver fatigue level is another interesting application for the ISW. Generally, only grip 

forces are detected for such investigations. In [20-24] some examples have been presented. In [25-28] the 

perception of the vibrations by the driver has been studied. The accuracy seems different with respect to the 

one offered by the new ISW.  

 

The paper is organized as follows. In Section 2 the motivations referring on why a NMS activation model 

should be studied by means of an accurate IWS are given. In Section 3, the concept design of the new ISW is 

introduced. In Section 4, the ISW load cells are presented. In Section 5, the carbon fibres composite steering 

wheel body is designed. In Section 6, the data acquisition system is described starting from the voltage output 

measure from the strain gauges, through the signal processing, to the CAN (Controlled Area Network) data 

publication. In Section 7 the load cell calibration process is described. That calibration matrix is compared 

with the calibration matrix computed by FEM (Finite Element Model). In Section 8, the error analysis is 

performed and the measured performance are evaluated in terms of accuracy and linearity. In Section 9, an 

experimental natural frequency analysis using accelerometers attached to the steering wheel is presented.  

Finally, Section 10 describes how the ISW can be used on a test track, with real data acquisition, useful to 

cast new driver models based on NMS activation. Section 11 discusses critically the aims and limitations of 

the presented research. 

 

2. Motivation  
In this Section, the motivation on why an ISW should be used to derive accurate driver models for developing 

effective controls for ADAS or AV is provided.  

The starting point is the contribution given in [6-10] where the activation of the Neuro-Muscular System 

(NMS) has been included into a driver model. Most of the driver’s reaction time is due to the activation of 

the NMS. In [6], a driver model is presented which generates a moment at the steering wheel of a vehicle. In 

[6], it appears that the activation of the NMS is not differentiated for the two hands (arms). The control loop 

of the driver model introduced in [6] is re-arranged in Fig. 1. As the human has perceived and interpreted the 

external signals (perception and brain processing) a so-called co-activation of neurons is performed. Both 

alpha- and gamma-neurons are activated. Gamma-neurons activate the muscle spindle which acts as a kind 
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of internal sensor for the muscle and perceives the change of the length of the muscle. The alpha-neurons 

command the contraction of muscle. The muscles apply a moment to the steering wheel. The total moment 

on the steering wheel is due to the moment applied by muscles, to the intrinsic muscle stiffness and damping, 

to the inertia of the arms and to moment feedback from the steering column. The steering wheel angle can 

be computed starting from the total moment applied at the steering wheel. The muscles can contract due to 

voluntary activation or by reflex. In Fig. 1 the reflex loop is highlighted which depends on the steering wheel 

angle. Fig. 1 refers to one single NMS activation block. It refers to a set of muscles that are activated 

contemporarily. In the actual case, however, two arms with hands are applying forces and moments on the 

steering wheel. A number of muscles are activated (co-contraction) with a pattern that, at the moment, is 

known insufficiently. Hands and arms apply not only forces but moments (torques) in a full spatial 

arrangement. The complexity of human muscle system may require several different muscle activation 

blocks, as shown in Fig. 2.  

 
Fig. 1 – Driver-vehicle model and activation of the Neuro-Muscular System, re-arranged from [6]. 
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Fig. 2 – Evolution of the driver model in Fig. 1: possible scheme for driver-vehicle models of different complexity, taking into account 

the activation of the NMS of a number of muscles. 

 

 

The ISW is able to capture the complexity of the activation of different muscles performing the driving task. 

This will probably shed some light on a realistic value of driver’s reaction time.  

 

 

3. General Description and Concept Design of the ISW 

In Fig. 3 the ISW is presented. The ISW has six spokes and two handles. The ISW is made from Carbon Fibre 

Reinforced Polymer (CFRP) to keep the technical specifications listed in Tab. 1, precisely the mass properties 

of a common steering wheel. Two spokes carry both the handles and  two load cells that sense, at each hand, 

three forces and three moments. More details on six-axis load cells are given in Section 4. More details on 

the ISW structure are given in Section 5.  
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Fig. 3 – Instrumented Steering Wheel (ISW). 

 

 

Parameters Value Note 

Mass 2.7 kg Common car SW 

Diameter 375 mm Common car SW 

Moment of inertia around rotation axis <0.030 kg m2 Common car SW 

First natural frequency 50 Hz Common car SW 

Rated Force Capacity ±250 N ISW 

Rated Moment Capacity ± 25 Nm ISW 

Maximum force (applied as pure load) 5 x Maximum sensed force ISW 

Maximum moment (applied as pure 

load) 

5 x Maximum sensed 

moment 

ISW 

Tab. 1 – Technical Specifications of the ISW. Parameters of a reference car steering wheel and parameters of the corresponding ISW. 

4. Load Cells 

4.1 Six-Axis Load Cells 

The six-axis load cell is based on an analytical model developed in [29]. 

The three spoke structure shown in Fig. 4 is connected with the outer frame by means of three patented 

‘sliding spherical joints’ (they allow the sliding of the spoke tip along the axis of the spoke and three rotations 

around the spoke tip) [30]. By inspection of Fig. 4, two adjacent joints (1 and 3) act as a single virtual spherical 

joint (1+3), so the structure is statically determined and it is possible to calculate the force and moments 

applied in the centre of the three spoke structure, if the forces acting at the tip of the spokes are known.  
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Fig. 4 – Model for the six-axis load cell, adapted from [30]. 

 

Each spoke is instrumented with four strain gauges located at the most stressed points and connected by 

means of half Wheatstone bridges (twelve strain gauges connected in six half bridges) as shown in Fig. 5. The 

spokes are tapered to have a low gradient of strain at the zones in which the strain gauges are located. 

 

Fig. 5 – Location of the 12 strain gauges connected in half bridge configuration. 

The three ideal joints are obtained by means of three laminae (Fig. 6 ), which introduce a non-zero stiffness 

in the spoke axial direction and non-infinite stiffness in the other two directions (lateral and tangential 

directions respectively). The three rotations at each spoke tip are associated to rotational springs. The springs 

acting at each spoke tip are shown in Fig. 4. 

 

  

The output of the strain gauge is a voltage measurement, related to the deformation of the spoke due to the 

bending action (the connection in a half bridge allows to compensate the axial deformation). The 

deformations 𝜀𝑖𝑥 , 𝜀𝑖𝑦  (i=1,3) at each of the three spokes read 
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{
 
 

 
 𝜀𝑖𝑥 =

1

𝐸𝑊𝑓𝑥
[𝑀𝑖𝑥 + 𝑆𝑖𝑦(𝐿 − ℎ)]

𝜀𝑖𝑦 =
1

𝐸𝑊𝑓𝑦
[𝑀𝑖𝑦 − 𝑆𝑖𝑥(𝐿 − ℎ)]

 

(1) 

where ℎ is the distance between the strain gauge and the tip of the spoke, 𝑀𝑖𝑥  , 𝑀𝑖𝑦 and 𝑆𝑖𝑥  , 𝑆𝑖𝑦 (i=1,3) are 

respectively the moments and the forces acting at the spoke root, and 𝑊𝑓𝑥,𝑦 are the flexural moduli. In matrix 

form  

𝜀1 = {
𝜀𝑖𝑥
𝜀𝑖𝑦
} =

1

𝐸

[
 
 
 
 0

𝐿 − ℎ

𝑊𝑓𝑥
0

𝐿 − ℎ

𝑊𝑓𝑦
0 0

      

1

𝑊𝑓𝑥
0 0

0 −
1

𝑊𝑓𝑦
0
]
 
 
 
 

{
 
 

 
 
𝑆𝑖𝑥
𝑆𝑖𝑦
𝑆𝑖𝑧
𝑀𝑖𝑥
𝑀𝑖𝑦
𝑀𝑖𝑧}

 
 

 
 

=
1

𝐸
[Φ]𝑆𝑖 

(2) 

Combining the three strains at the three spokes  

𝐸𝑏 = {

𝜀1
𝜀2
𝜀3
} =

1

𝐸
[

[Φ] [0] [0]
[0] [Φ] [0]
[0] [0] [Φ]

] {

𝑆1

𝑆2

𝑆3

} =
1

𝐸
[ Φ ]𝑆 

𝐸𝑏 =
1

𝐸
[ Φ ][𝑀̂]𝐹 

(3) 

Being 𝑉0 the supply voltage of the strain gauges and 𝑘 the gauge factor, the voltage output 𝛥𝑉 is  

Δ𝑉 =
𝑉0
4
𝑘(𝜀1 − 𝜀3) =

𝑉0
4
𝑘2𝜀1 

(4) 

Using the half-bridge configuration the two strain gauges measure the same strain (𝜀1 = −𝜀3). Substituting 

(3) in (4)  

Δ𝑉 =
𝑉0𝑘

2𝐸
 [ Φ ][𝑀̂]𝐹 = [𝐶𝑏]

−1𝐹 

(5) 

Where 𝐶𝑏 is the calibration matrix [6𝑥6]. The use of half-bridge configuration allows the compensation of 

the thermal expansion effect.  

 

4.1.1 Design Optimization 
In the following, the optimization algorithm used to design the load cell is described. The first step for the 

optimization of the load cell is the definition of the loading conditions, the material parameters, the 

geometrical constraints and the design variables. 

The design variables considered are related to the geometry of the spokes and the laminae i.e. length width, 

thickness of the lamina, fillet radius, width at the basis of the spoke in the two directions, width at the tip of 

the spoke in the two directions, position of the strain gauges (Fig. 5). A Sobol sequence (quasi-random) has 

been used [31]. 
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Fig. 5 – Design variables for the embodyment of the spoke and the lamina of the load cell.. 

 

The first constraint refers to the feasibility of the construction of the spokes and of the laminae. The second 

constraint refers to the maximum admissible stress of the material on both the spokes and the laminae. The 

stress is calculated with the formulae given in [32]. A number of loading cases are considered for designing 

the ISW. Finally, for every feasible solution, the calibration matrix Cb is computed as described in Section 7. 

Four objective functions have been defined. The first objective function is related to the longitudinal force Fx 

sensitivity, the second to the lateral force Fy sensitivity, the third to the bending moment Mx sensitivity and 

the fourth to the torsional moment My sensitivity.  

The multi-objective optimization design problem can be formulated as follows 

 

min      𝑓𝑢𝑛_𝑜𝑏𝑗(𝐶𝑏(1,2), 𝐶𝑏(2,1), 𝐶𝑏(4,1), 𝐶𝑏(5,2)) 

𝑠. 𝑡.      

𝑎𝑖 > 𝑏𝑖
𝑎𝑎𝑖 > 𝑏𝑏𝑖
𝑎𝑖 > 𝑎𝑎𝑖
𝑏𝑖 > 𝑏𝑏𝑖
𝑙 > 2𝑎𝑖

ℎ𝑒 < 𝑙 + 𝑅
𝜎 < 𝜎𝑎𝑑𝑚
𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦

𝑎1, 𝑏1, 𝑎2, 𝑏2, 𝑎𝑎1, 𝑏𝑏1, 𝑎𝑎2, 𝑏𝑏2, ℎ𝑒 , ℎ, 𝑠, 𝑏, 𝑟 ∈ [𝐿𝐵     𝑈𝐵]

 

(6) 

where the symbols refer to Fig.5. The Pareto optimal solutions are selected for the load cell design. Details 

on multi-objective optimization method are reported in [33].   

 

4.1.2 Finite Element Analysis 
After a preliminary design performed by the multi objective optimization method described in the previous 

section, a Finite Element Analysis is completed in order to get a more reliable configuration of the load cell. 

The CAD model has been imported in a FE code (Abaqus) as solid 3D deformable part and partitioned in the 

zones where the refinement of the mesh is needed. Due to the complex form of the load cell, tetrahedral 

quadratic elements (C3D10) were chosen for the mesh [34], in order to obtain a good compromise between 

the accuracy of the results and the computational time Fig. 6. The load cell material is Aluminium 7075-T6. 
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Fig. 6 – FE Model of the load cell. Each spoke tip is linked via a lamina to the external ring.  

The load cases considered in this analysis are the following (the reference system for forces and moments in 

Fig. 11) 

1) Pushing the ISW with Fx = 750 N (the moment is Mz = 37.5 Nm because the arm is 50 mm); The 

maximum Von Mises stress is 280 MPa which is less than the Tensile Yield Strength of the material 

(503 MPa). 

2) Steering with Fz = 750 N (the moment is Mx = 37.5 Nm because the arm is 50 mm). The maximum 

Von Mises Stress is 256 MPa which is less than the Tensile Yield Strength of the material (503 MPa).  

3) Twisting the cell by applying Fx = 500 N at the maximum distance from the cell axis (My = 50 Nm and 

Mz = 25 Nm). The maximum Von Mises Stress is 334 MPa which is less than the Tensile Yield Strength 

of the material (503 MPa). 

These three load cases are used to analyse the maximum stress status with the Von Mises equivalent stress 

in order to verify that is lower than the admissible stress for the material 𝜎𝑉𝑀
∗ < 𝜎𝑎𝑚𝑚 

where 𝜎𝑎𝑚𝑚 is the yield stress for the material divided by a proper safety factor. 

 

4.2 Single Axis Load Cells 
 

Six single axis load cells (Omega LCM201 [35]) (three for each handle – Fig. 7) are used to measure the grip 

strength of the driver’s hands. The grip strength (𝐹𝑔𝑟𝑖𝑝) is given by Eq. 7, where  𝐹𝑥𝑠𝑖𝑥−𝑎𝑥𝑖𝑠 𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙  is the force 

measured by the six-axis load cell in the axial direction and 𝐹𝑖 is the force measured by each of the handle 

load cells. The handle load cells measure only the force in the axial direction of the ISW. 

-   

𝐹𝑔𝑟𝑖𝑝 = min (|𝐹𝑥𝑠𝑖𝑥−𝑎𝑥𝑖𝑠 𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 −∑𝐹𝑖

3

𝑖=1

| , |∑𝐹𝑖

3

𝑖=1

|)  

(7) 

The three handle load cells are not aligned on the same axis to avoid the creation of a virtual hinge. 
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All the voltage signals from the strain gauges of the six-axes load cells and from the six handle load cells, are 

received by the electronic board (Section 6) mounted in the electronic box of the ISW (see Fig. 3). The input 

power comes from the vehicle through the spring clock cable, and the signals are sent in digital form to the 

acquisition system through the same cable. 

 

Fig. 7 – Single axis load cells on the handle. 

5. ISW Modelling 

As discussed in Section 3, the ISW body is a carbon fibre laminate. Commercial pre-impregnated SAATI CC206 

ET330S 45% carbon fibre plies were used [36]. The ISW model for structural assessment is shown in Fig. 8. 

In the literature, many failure criteria for laminates [37] are introduced. The Tsai-Wu criterion [38] will be 

considered. Assuming that the lamina is orthotropic, in a plane stress state (𝜎33 = 0, 𝜏23 = 0, 𝜏31 = 0), the 

Tsai-Wu failure criterion requires that [34]  

𝐹1𝜎11 + 𝐹2𝜎22 + 𝐹11𝜎11
2 + 𝐹22𝜎22

2 + 𝐹66𝜏12
2 + 2𝐹12𝜎11𝜎22 < 1 

(8) 

𝐹1, 𝐹2, 𝐹11, 𝐹22, 𝐹66, 𝐹12 are coefficients depending on experimental results on mono-directional fiber-

reinforced specimens under simple loading conditions and can be expressed as  

𝐹1 =
1

𝑋𝑡
+
1

𝑋𝑐
 𝐹2 =

1

𝑌𝑡
+
1

𝑌𝑐
 𝐹11 = −

1

𝑋𝑡𝑋𝑐
 

𝐹22 = −
1

𝑌𝑡𝑌𝑐
 𝐹66 =

1

𝑆12
2  𝐹12 = 𝑓

∗√𝐹11𝐹22 

(9) 

𝑓∗ is set to zero due the ignorance on the limit biaxial stress at failure. Under general biaxial loading, the Tsai-

Wu failure criterion using 𝐹12 = 0 predicts the composite failure with sufficient accuracy for practical 

applications [39]. 

The Tsai-Wu index is always lower than 1. The most critical area is the fillet between end of the spoke and 

handle.  
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Fig. 8– Constraints and forces on the FE model. 

A free-free dynamic analysis has been completed after the static one. Each mode was examined to avoid 

natural frequencies lower than 50 Hz (Tab. 1).  

6. Data Acquisition System Design  
A custom made signal processing electronic board, designed for the purpose and fitted in the electronic box 

of the ISW  (Fig. 3), is able to supply power both to the strain gauge bridges of the two six-axes load cells and 

to the six uniaxial load cells for the grip strength measurement. The electronic board is powered by the 

vehicle electric system, and is able to process the output voltage signals of the load cells bridges. The 

electronic board output are the six forces and moments for each six-axes load cell and a single force for each 

of the uniaxial load cells. 

Fig. 9 shows the flow chart of the signal processing for one six-axes load cell. The six half Wheatstone bridges 

output voltages are amplified with an amplifier gain G (100-1000). It is also possible to activate analog LP/HP 

filters. A digital potentiometer for each input channel is used for automatically zeroing the output of the 

Wheatstone bridge at system power up. 

The 18 analog voltage signals are digitally converted through three synchronized 16 bits simultaneous 

sampling A/D converters. The A/D converters are connected in daisy-chain mode i.e. data from multiple 

devices are transmitted through the chain and the last device sends data to the SPI interface connected to 

the 16-bit digital signal processor (DSP). The signals are oversampled by a factor 8 and then decimated, to 

increase the resolution of 1.5 bits and the signal to noise ratio by a factor of 2.8 [40].  

The DSP (dspic33) [41] uses the calibration matrix 𝐶𝑏 to obtain the forces F (Eq. 16). Those output signals are 

sent through a CAN interface (ISO 11898-2 standard CAN2.0B, 1Mb/s, 5 frames with full 8 bytes payload 

including time stamp) or an USB cable to an acquisition system at a constant frequency of 750 Hz per channel. 
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Fig. 9– Signal processing electronic board. 

7. Experimental Calibration 
7.1 Static Calibration 
The calibration matrices 𝐶𝑏 (Eq. 16), loaded in the electronic board, are experimentally determined to 

accurately take into account the real behaviour of the components, the positioning error on the strain 

gauges, the analytical approximation, etc... For the experimental calibration process, a special fixture has 

been designed (Fig.10) to allow the alignment of the load cell to the axis of a test machine (MTS Synergie 200 

[42]) in several angular and linear positions.  

 
Fig. 10 – Calibration system. 

This device allows more than 70 known load combinations, which could be related with the output signals 

from the strain gauges bridges using the least square method. Let be 𝐹(𝑗) the vector containing the forces 

and moments applied to the load cell by the traction test machine in the 𝑗-th experimental trial (1 ≤ 𝑗 ≤ 𝑛, 

where 𝑛 is the total number of trials) 
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𝐹(𝑗) =

[
 
 
 
 
 
𝐹𝑥
𝐹𝑦
𝐹𝑧
𝑀𝑥
𝑀𝑦
𝑀𝑧]
 
 
 
 
 
(𝑗)

=

[
 
 
 
 
 
 
 
 𝐹1

(𝑗)

𝐹2
(𝑗)

𝐹3
(𝑗)

𝐹4
(𝑗)

𝐹5
(𝑗)

𝐹6
(𝑗)
]
 
 
 
 
 
 
 
 

 

(10) 

The 𝑖-th single term 𝐹𝑖
(𝑗)

 of the right vector is 

𝐹𝑖
(𝑗)
= 𝑎𝑖,1Δ𝑉1

(𝑗)
+ 𝑎𝑖,2Δ𝑉2

(𝑗)
+ 𝑎𝑖,3Δ𝑉3

(𝑗)
+ 𝑎𝑖,4Δ𝑉4

(𝑗)
+ 𝑎𝑖,5Δ𝑉5

(𝑗)
+ 𝑎𝑖,6Δ𝑉6

(𝑗)
= [Δ𝑉(𝑗)]

𝑇
 𝑎𝑖  

(11) 

Where 𝑎𝑖,1, 𝑎𝑖,2, 𝑎𝑖,3, 𝑎𝑖,4, 𝑎𝑖,5, 𝑎𝑖,6 are the term of the 𝑖-th row of the calibration matrix 𝐶𝑏 and 𝛥𝑉1
(𝑗)

, 𝛥𝑉2
(𝑗)

, 

𝛥𝑉3
(𝑗)

, 𝛥𝑉4
(𝑗)

, 𝛥𝑉5
(𝑗)

, 𝛥𝑉6
(𝑗)

 are the strain gauge bridge output of the 𝑗-th trial.  

Exploiting the equations for all the six load components it is possible to obtain, in matrix form  

[𝐹1, 𝐹2, 𝐹3, 𝐹4, 𝐹5, 𝐹6] =

[
 
 
 
 
Δ𝑉(1)

⋮
Δ𝑉(𝑗)

⋮
Δ𝑉(𝑛)]

 
 
 
 
𝑇

 [𝑎1, 𝑎2, 𝑎3, 𝑎4, 𝑎5, 𝑎6] 

[𝐹]  = [ΔV]
𝑇 [𝐶𝑏]

𝑇 

(12) 

 

 

 

Let [𝑒]𝑇 be the error between the force and moment measured by the six-axes load cell [𝐹]𝑇 and the known 

force and moment applied by the  test machine [(𝐹 )̃ ]
𝑇

 

[𝑒]𝑇 = [𝐹]𝑇 − [𝐹̃]𝑇 = [Δ𝑉]𝑇[𝐶𝑏]
𝑇 − [𝐹̃]𝑇 

(13) 

The squared error 𝑒2 can be expressed as 

𝑒2 = ‖[𝑒]𝑇‖𝐹
2 = 𝑡𝑟([𝑒][𝑒]𝑇) = 𝑡𝑟([𝐶𝑏][Δ𝑉][Δ𝑉]

𝑇[𝐶𝑏]
𝑇 + [𝐹̃][𝐹̃]𝑇 − [𝐶𝑏][Δ𝑉][𝐹̃]

𝑇 − [𝐹̃][Δ𝑉]𝑇[𝐶𝑏]
𝑇) 

(14) 

Where ‖ ∙ ‖𝐹 is the Frobenius matrix norm and 𝑡𝑟(∙) is the matrix trace [43]. The least square method consists 

in finding the [𝐶𝑏] matrix terms, to solve the squared error minimization problem.  

𝜕𝑒2

𝜕[𝐶𝑏]
𝑇
= 2[Δ𝑉][Δ𝑉]𝑇[𝐶𝑏]

𝑇 − 2[Δ𝑉][𝐹̃]𝑇 = 0 

(15) 

From Eq. (15) it is possible to obtain the calibration matrix [𝐶𝑏] that solves the error minimization problem.  

[𝐶𝑏] = [𝐹̃][Δ𝑉]
𝑇([Δ𝑉][Δ𝑉]𝑇)−1 

(16) 

The minimization problem is well posed if the number of independent trials 𝑛 is grater than the rank of the 

matrix [𝛥𝑉]. In order to define the calibration matrix in a robust way, the minimization algorithm should 

exploit an adequate number of independent trials.  

The experimental calibration matrix obtained has the first three rows expressed in [𝑁/𝑉] and the last three 

rows in [𝑁𝑚/𝑉]. Each row of the calibration matrix is related with a load component. It is possible to notice 

that some matrix terms are very low with respect to others, this means that the contribution of some bridges 
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on certain forces and moments is not relevant. Theoretically the contribution of those bridges should be null, 

but the non-ideal behaviour of the spherical joints, the errors in the strain gauges positioning, the machining 

errors made the contribution of those bridges not vanishing. 

 

[𝐶𝑏,𝑒𝑥𝑝] = 10
4 ∙

[
 
 
 
 
 
−0.167 −24.266 −1.067
19.208 −0.439 19.191
−0.210 0.133 −1.855

12.315 −0.106 12.127
0.604 19.647 0.422
21.080 0.583 −21.459

−0.3715 0.0146 0.1841
−0.0007 −0.3587 0.0326
−0.0015 −0.0118 0.3047

−0.0041 0.1826 0.0074
−0.3553 0.0115 −0.3585
0.0089 −0.3193 0.0041 ]

 
 
 
 
 

 

(17) 

It is possible to compare the terms of the experimental calibration matrix with the same terms of the matrix 

obtained by the FE model presented in Section 4.  

 

[𝐶𝑏,𝐹𝐸𝑀] = 10
4 ∙

[
 
 
 
 
 
0.0000 −25.3318 0.0765
21.7835 0.0000 21.7830
0.0883 0.0003 −0.0440

12.6658 −0.0765 12.6668
0.0000 21.7835 0.0003
21.9388 −0.0443 −21.9400

−0.4135 0.0000 0.2068
0.0000 −0.4078 0.0000
0.0000 0.0003 0.3583

0.0025 0.2068 0.0003
−0.4078 0.0000 −0.4078
0.0000 −0.3583 0.0000 ]

 
 
 
 
 

 

(18) 

The two matrices are in a very good agreement. 

 

 

 

7.2 Static and Dynamic Force Compensation 
The load cells measure the static weight of the handles and of the mono axial load cells used for the grip 

measurement. These static contributions act on the measured forces depending on the ISW angular position, 

and they must be compensated. Knowing the sum of the masses of each component attached to the load 

cell 𝑚𝐻, the steering angle 𝛿 corrected by the vehicle roll, the ISW inclination 𝛽 with respect to the vertical 

axis corrected by the vehicle pitch (see Fig. 11), it is possible to calculate the static weight compensation  𝐹⃗𝑊  

as follows  

𝐹⃗𝑊 = Λ𝑤𝑒𝑖𝑔ℎ𝑡(𝛿, 𝛽) ∙  𝑚𝐻 ∙ 𝑔 

(19) 

Moreover, the load cells can rotate around the steering axis, so the measured forces 𝐹⃗𝑚𝑒𝑎𝑠  are in a non-

inertial reference frame and inertial forces  𝐹⃗𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙   act on the cells themselves. Such inertial forces must be 

compensated to measure the correct forces applied by hands  𝐹⃗ℎ𝑎𝑛𝑑 on the ISW.  

𝐹⃗𝑚𝑒𝑎𝑠 = 𝐹⃗ℎ𝑎𝑛𝑑 + 𝐹⃗𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 = 𝐹⃗ℎ𝑎𝑛𝑑 −𝑚𝐻𝑎⃗𝑣 −𝑚𝐻

𝑑Ω⃗⃗⃗

𝑑𝑡
× 𝑟𝑂𝐻 −𝑚𝐻 Ω⃗⃗⃗ × (Ω⃗⃗⃗ × 𝑟𝑂𝐻) − 2𝑚𝐻 Ω⃗⃗⃗ × 𝑣⃗𝐻 

(20) 

where 𝑎⃗𝑣 is the vehicle acceleration with respect to the inertial reference frame, 𝛺⃗⃗ is the rotational speed of 

the handle taking into account the steering velocity, the roll and the pitch motion, 𝑟𝑂𝐻 is the distance of the 

handle CoG (Centre of Gravity) from the centre of the inertial reference frame and 𝑣⃗𝐻 is the speed between 

the handle and the inertial reference frame. The contribution of the inertial forces on the load cell is shown 

in Fig. 12. It is clear that compensation is needed to obtain a reasonable instrument resolution, i.e. without 

compensation, the accuracy of the ISW would not be acceptable. 
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Fig. 11 – Reference frames for both load cells and inertial forces. 

 

Fig. 12 – Weight and inertial forces compensation on the right load cell during a driving manoeuvre. Compensating Fz and Fy is 

extremely important (forces and moments are shown in Fig.11) 

8. Error Analysis and Measuring Performance 
Referring to error analysis, in Fig. 13 the distribution of the residuals is shown. Plotting on a graph the 

measured forces and moments versus the applied forces and moments, it is possible to check visually the 
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linearity of the load cell (see Fig. 14). The linearityof the ISW sensor is given in Tab.2, according to UNI EN ISO 

376. 

 

 

Fig. 13 – Distribution of the residuals in calibration. 
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Fig. 14 – Load cell linearity. 

By inspection of Tab.2, we see that for each force and moment component, a unitary value of the 

determination coefficient 𝑅2 means a good approximation of the experimental data with the linear model. 

 

 

 

Load 𝑒𝑙𝑖𝑛[% 𝐹𝑢𝑙𝑙 𝑆𝑐𝑎𝑙𝑒] 
𝑅2 

𝐹𝑥 0.154 0.99996 

𝐹𝑦 0.244 0.99660 

𝐹𝑧 0.167 0.99995 

𝑀𝑥 0.125 0.99990 

𝑀𝑦 0.094 0.99997 

𝑀𝑧 0.126 0.99990 

Tab. 2 – Linearity errors during calibration of a load cell. 

The ISW measurement performance is given in Tab.3 (the FS for the Accuracy and Linearity error calculation 

are intended the same as the rated capacity of the sensor). 

 

Load Rated Capacity 

[N] – [Nm] 

Resolution 

[N] – [Nm] 

Accuracy 

[%FS] 

Linearity Error 

[%FS] 

𝐹𝑥 250 0.01 ±0.29 0.15 

𝐹𝑦 250 0.01 ±0.51 0.24 
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𝐹𝑧 250 0.01 ±0.31 0.16 

𝑀𝑥 25 0.001 ±0.26 0.12 

𝑀𝑦 25 0.001 ±0.18 0.09 

𝑀𝑧 25 0.001 ±0.26 0.12 

Tab. 3 - Measurement performance of the ISW. 

 

9. Experimental Frequency Analysis 
An experimental modal analysis of the ISW is performed to check the dynamic performance. Tab. 4 shows 

the positioning of accelerometers. All of the measured frequencies are fully acceptable since they are 

considerably higher than the natural frequency of the reference/current mass production steering wheel, 

equal to 50 Hz (Tab. 1). The FE model predicts quite accurately the natural frequencies of the ISW.  

Position Frequency Position Frequency 

 

Measured: 
1st : 243-260 Hz 
2nd : 287-296 Hz 

 
FEM computed: 

1st : 271 Hz 
2nd : 290 Hz 

 

 
Measured: 

1st : 249-253 Hz 
 

FEM computed: 
1st : 280 Hz 

 

Measured: 
1st : 256-259 Hz 
2nd : 457-460 Hz 
3rd : 748-750 Hz 

 
FEM computed: 

1st : 280 Hz 
2nd : 482 Hz 
3rd : 819 Hz 

 

 
Measured: 
1st : 515 Hz 

 
FEM computed: 

1st : 482 Hz 

Tab. 4 – Natural frequency analysis. 

10. Testing the ISW on a vehicle 
The ISW has been fitted on a Toyota Auris [45], Fig. 15. The standard production spring clock cable provided 

power to the ISW and signals connection. The ISW data were acquired via a Kvaser USBcan Light system [46] 

and logged into a laptop with the steering angle data provided by the vehicle embedded sensor via CAN and 

the data provided by a OXTS RT3000 inertial and GPS system [47]. 
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Fig. 15 –Left: Instrumented Steering Wheel fitted on a Toyota Auris car. Right:  Kick-plate at Pista e Centro Guida Sicura ACI-Sara 

Lainate, near Milan, Italy. 

The tests were performed at the track “Pista e Centro Guida Sicura ACI-Sara Lainate” [48] (Fig. 15). The track 

is equipped with a kick-plate. The kick-plate is basically a plank that is suddenly displaced in lateral direction 

when the rear axle of a vehicle passes on it. This lateral excitation causes a yaw motion of the vehicle. Since 

the road surface that the vehicle traverses after the kick-plate is wet, the yawing motion amplitudes are 

relevant. To keep a straight path, the driver is required to counteract the yaw produced by the kick-plate. If 

the action of the driver is not quick, a spin may occur. The strong driver’s action that is required implies quite 

different forces and moments exerted by the two hands on the ISW.  

Ten different drivers performed the kick-plate test nine times each, with two different speeds and two 

different kick gains (three times low speed – low gain, three times high speed – low gain, three times low 

speed – high gain). The kick direction was random during all the tests.  

Fig. 16 refers to a kick-plate manoeuvre. Two time-histories are shown, one for the left hand and one for the 

right hand (see Fig. 11 for the reference systems). It is possible to note that the driver applies forces of less 

than 50 N during the emergency maneuver. The moments applied by the two hands are quite different from 

each-other and are lower than 5 Nm. The grip forces at each handle are approximately in phase with the 

applied 𝐹𝑥 and 𝐹𝑦.  

 

Fig. 16– Kick-plate manoeuvre (input towards the left). Forces and moments measured by the Instrumented Steering Wheel at the 
two hands.  LCi refers to the i-th single axis load cell for grip detection. 
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Fig. 17– Kick-plate manoeuvre (input towards the left). Moments due to tangential forces and bare moments applied by hands 

during the initial phase of steering. 

The analysis of Fig.17 may provide hints to develop a new driver model. A kick-plate manoeuvre towards the 

left is considered. The first instants of the manoeuvre are considered. Before t = 5.9s the moment at the ISW 

produced by the force at one hand is almost opposed by the bare moment produced by the same hand. A 

kind of a moment preload on the steering wheel is produced by the two hands, i.e. the two hands almost 

counteract each other in applying their moments on the ISW. This means that several NMS are activated in 

a coordinated manner. At t = 5.9s the kick-plate starts its action. At t = 6s the maximum lateral acceleration 

of the vehicle is reached. The ISW rotation angle is still zero. At t = 6.1s a non negligible moment is applied 

to the ISW, but the ISW rotation angle is still zero. Such non negligible moment seems counteracted by 

friction in the steering system, deliberately introduced to filter disturbances. The NMS is clearly activated in 

reflex mode, due to the lateral kick that the driver’s body and arms have received. The total non negligible 

reflex moment is actually given by the two arms, wrists and hands, separately. At 6.25s the voluntary steering 

action seems initiating, but he ISW rotation angle is still zero. At 6.4s the maximum bare moment by the left 

hand is applied, partially counteracted by the moment due to the tangential force Fz at the same left hand. 

The ISW starts rotating. At 6.8s the rotation angle is fully developed. About 1s is elapsed since the kick-plate 

has applied the lateral acceleration. 

After the analysis made above, we can suggest that a driver model should consider the activation of a number 

of Neuro-Muscular Systems, including reflex. We argue that a driver model with such features could capture 

accurately the actual moment applied to the steering wheel. 

11. Discussion  
We have tested the Instrumented Steering Wheel during a recovery/emergency manoeuvre, after a spin was 

initiated by passing with the car over a kick-plate. We have been able to record that the total moment applied 

5.9 6.1 6.25 6.4 6.8 

5.9 6.1 6.25 6.4 6.8 

5.9 6.1 6.25 6.4 6.8 
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at the steering wheel depends not only on forces applied by hands but also on moments. The Neuro-Muscular 

Systems of the two arms seem activated independently from each other. We could identify, considering an 

arm, the activation of different Neuro-Muscular Systems for the arm subsections, e.g. the activation of three 

spatial rotations of the wrists, the activation of the grip, and so on. Is this step important for scientific 

research? The discussion is open. It is evident that having an accurate tool like the ISW can be helpful to 

identify driving patterns and thus having information on how humans activate the steering system of 

vehicles. Obviously covering this gap is out of the scope of the paper. More analyses will have to be 

undertaken to monitor simple straight driving or curving manoeuvres, like lane change or evasion. In these 

cases, the interaction of the driver with the steering wheel is surely different with respect to the kick-plate 

manoeuvre we studied. In fact, we may imagine that the reflex loop is more activated in the kick-plate 

manoeuvre rather than during a lane change or an evasive manoeuvre. Actually in the first case, the 

vestibular system is stimulated, in the second case the visual system is more active. This occurrence does not 

affect the scope of the paper. Actually, in the paper, a new tool is described for future studies on the 

interaction between the driver and the steering wheel.  

Crucial aspects in deriving driver models refer to behavioural and psychological issues. According with [5], 

we could say that automotive engineers do think of driver models as robots, i.e. machines that in a more or 

less deterministic way respond to external inputs. This is obviously not the case with humans, actually, 

behavioural and psychological issues may affect driving manoeuvres. At the moment the most advanced 

driver models are hardly including behavioural and psychological aspects [1,5,6-10]. We leave the 

implementation into driver models of such behavioural and psychological aspects to forthcoming studies. As 

a first step to improve driver models we envisage the proper modeling of the activation of different NMS 

pertaining to arms and their parts.  

 

12. Conclusions 
In this paper, an Instrumented Steering Wheel (ISW) able to measure the forces and moments applied by 

each hand of the driver during actual manoeuvres has been designed, manufactured, calibrated and used. 

The aim was to provide to the scientific community an accurate tool enabling the derivation of new driver 

models in which the activation of the Neuro-Muscular System could be included. Such envisaged models 

could provide an enhancement with respect to the current available driver models that do not appear 

accurate enough for developing effective controls for ADAS or AV.  

The ISW has been modelled via original analytical and numerical design tools. The core part of the ISW, 

namely the two six axis load cells, have been optimally designed. The structural strength and the vibration 

modes of the ISW have been computed in advance and appeared to be close to the experimental 

measurement data. Such data match with the technical specifications which require the ISW to show 

mechanical features (inertia properties and eigenfrequencies) similar to the ones of current steering wheels. 

The high accuracy of the ISW has been obtained by compensating the spurious forces and moments acting 

on the handles due to gravity, inertia and vehicle motion. A specific analog/digital data acquisition system 

has been designed and tested. The electronic board is capable of processing the analog signals produced by 

twelve strain gauges and six mono-axial load cells. The output data are forces and moments and grips forces 

at the two handles (obtained by multiplying the raw signals by experimentally derived calibration matrixes). 

The ISW measuring performance has been evaluated in terms of accuracy and linearity, finding an accuracy 

(±2𝜎 % full scale) of 0.5 %FS for forces and 0.3 %FS for the moments. The technical specifications of the ISW 

seem unique, according to the Authors knowledge. 

The ISW has proved its capability to suggest information for the subsequent derivation of new driver models 

in which the activation of the Neuro-Muscular System can be considered. The ISW has been used in a test 

track by a panel of drivers engaged in a series of recovery manoeuvres. The preliminary outcomes of the 
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analysis of measured forces and data provided by the ISW show that the two hands and wrists and arms of 

the driver do act in a separate but coordinate way to produce the total moment at the steering wheel. The 

hands apply important moments on the steering wheel, not only forces. Referring to the rotation of the 

steering wheel, the bare moment produced by one hand is almost counteracting the moment produced by 

the tangential force produced by the same hand. The coordination of the different Neuro-Muscular Systems 

deserves a proper study. New driver models will possibly need to include specific NMS activation for each 

single arm and wrist and hand. The NMS of the driver model should consider reflex. The inclusion into new 

driver models of the activation of many different Neuro-Muscular Systems could in principle provide a better 

estimation of the driver’s reaction time. The information provided by the early employment of the new ISW 

appears to be original and may open a possible field of research focused on the development of next 

generation driver models. 
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