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Abstract: The design of wheel six-component force sensor includes elastic body, strain gauges
distribution scheme, signal acquisition and processing and so on. In this paper, the virtual calibration
test is used to optimize the structure of the sensor elastic body. According to the structure and principle
of the self-developed six component force sensor calibration test-bed, a set of calibration device is
designed for the sensor. The stress distribution and strain output of the elastic body are obtained by finite
element method. The optimization of elastic body is carried out from the requirements of material
strength and coupling rate of output signal. Finally, the sensor elastic body structure which meets the
strength requirements and has low coupling rate is obtained.
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1. Introduction

The wheel six component force sensor is used to measure the longitudinal force Fx, lateral force Fy,
vertical force Fz, heeling moment Mx, twist torque My and aligning torque Mz. These forces and torques
are of great significance for vehicle road test [1-3]. Therefore, sensors are widely used in the process of
automobile design and development, and play an important role.

The structure design of the sensor elastic body mainly considers two aspects: one is that the structure
meets the strength requirements; the other is that the coupling rates between all channels are as small as
possible. Due to the complex structure of elastic body, it is difficult to verify the above two points by
theoretical calculation method. However, it is very fast and effective to calculate them by using finite
element method [4]. The virtual calibration test with ABAQUS software can obtain the stress distribution
nephogram of the sensor, so as to judge whether the elastic body meets the strength requirements. Select
the nodes where the strain gauge are pasted and set them as node sets. Then the strain of the node sets
can be calculated to obtain the coupling rates between all channels.

The remainder of this paper is organized as follows. In the second section, the principle and method
of calibration test are introduced. The connection method of the sensor and its adapters and the
transmission path of the force are briefly described. In the third section, the mesh size selection, constraint
setting and strain calculation method of virtual calibration test are introduced. In the fourth section, the
simulation results of stress and strain are given. The sensor is optimized from two aspects of structural
strength and coupling rate. The fifth section is the conclusion of this paper.

2. Experiment
2.1 Calibration principle

Resistance strain gauge measurement and piezoelectric effect measurement are two common
measurement methods of wheel sensor. Resistance strain measurement is widely used because of its
general applicability [5-6]. The measurement principle of a strain-gauge-based sensor lies in the two
principles of material mechanics, one is linear relationship between structural strain and external load,
the other one is superposition principle [7]. Strain gauges make up Wheatstone bridge. When the sensor
is stressed, the elastic body deformation causes the change of strain gauge resistance. Then the output
voltage of Wheatstone bridge changes. The purpose of calibration test is to obtain the relationship
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between the force or torque and the outputs of the sensor [8]. When an ideal sensor inputs force or torque
in one direction, only the corresponding bridge voltage changes. However, due to the processing of the
elastic body and the location of the strain gauges, the measurement channels interact and couple with
each other. Through the calibration test, the decoupling matrix can be obtained, which can be used to
calculate more accurate wheel forces.

The relationship between applied load F(Fx,Fy,Fz,Mx,My,Mz) and output voltage
U(UFx ,UFy ,UFz ,UMx ,UMy ,UMz ) is

U=CF 1)

Where the matrix C is a 6>6 compliance matrix whose elements Cij represents the strain contribution
at bridge circuit i due to a unit pure load j [9].

There is a linear relationship between the load F and the output voltage U of the sensor. By applying
the force Fx alone, the first column Cj; in the matrix C can be obtained. Similarly, if Fy, Fz, Mx, My, Mz
are applied separately in turn, other elements of matrix C can be obtained. Furthermore, the decoupling
matrix C can be calculated by matrix C. In the end, the actual forces of the wheel during road test can
be calculated according to F=C-*U.

2.2 Calibration method

The self-developed six component force calibration test-bed of the sensor is shown in Fig. 1 and Fig.
2. The calibration test-bed is composed of hydraulic cylinder, standard single component force sensor,
support arm, bearing seat, support base, etc. By changing the direction of the hydraulic oil, the hydraulic
cylinder can realize two loading directions: push and pull. The hydraulic cylinder is connected with the
support arm, which can rotate around the bearing seat to realize the horizontal and vertical loading.
Through the combination of hydraulic cylinder and adapters in different positions, the calibration test-
bed can realize the independent loading in six directions.

Figure 2: Horizontal hydraulic cylinder

Fig. 3 shows the sensor and its adapters. From top to bottom are iron cap, sensor, inner ring adapter,
outer ring adapter and fixed plate. The iron cap is connected with the hydraulic cylinder for loading and
acts as a tire. The fixed plate is connected with the support base and acts as the automobile body. The
sensor is composed of inner ring, outer ring and strain beam, in which the inner ring is the loading end
and the outer ring is the fixed end. The specific connection relationship is shown in Fig. 4. The forces
transmission path is: iron cap—inner ring adapter—sensor—outer ring adapter—fixed plate.
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Figure 3: The sensor and its adapters

Figure 4: Connection relationship

3. Virtual calibration test

After the initial shape of the sensor elastic body is determined, we use the finite element analysis
method to optimize the structure. In the finite element simulation analysis, the more the number of
elements, the longer the calculation time. For the purpose of improving the calculation efficiency, the
calibration system model is simplified. Only the sensor and its adapters are selected for simulation
analysis, and the other parts are replaced by constraint conditions.

3.1 Meshing

Different sizes of meshes are used to divide the assembly according to different analysis requirements.
Small meshes are used in the position of strain beam. Therefore, more accurate strain information can be
obtained. The connecting bolts use medium meshes, which can better connect different parts. The other
parts use large meshes, which can simplify the analysis process and improve the calculation speed.

According to the properties of general steel, the modulus of elasticity is set at 206 GPa and Poisson's
ratio is 0.3. Assemble all the components and the cross section of the assembly is shown in Fig. 5.

Figure 5: Cross section of the assembly

3.2 Constraints

As shown in Fig.6, the bottom surface of the fixed plate is coupled with its center point through
coupling constraint, which can limit the six degrees of freedom of the fixed plate to remain stationary.
Four nodes are set around the iron cap, which are located at the loading center of the hydraulic cylinder,
as shown in Fig.7. They are coupled with the iron cap. The load of hydraulic cylinder is simulated by
applying different forces in different directions and sizes through these nodes.
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Figure 6: Coupling constraint of the fixed plate

Figure 7: Coupling constraint of the iron cap

The components of the assembly are connected by bolts, and the corresponding simulation settings
is shown in Fig.8. Set element sets for bolt face and corresponding hole face, and paste them together
with tie command, as shown in the red mesh area. Set a section at the bolt rod, and apply the preload at
the section position, as shown by the yellow arrow in fig.8. Through the above method, actual bolt
connection of the assembly can be simulated.

Figure 8: Bolted connection

3.3 Result output and calculation

Each strain gauge is simulated by three collinear and equidistant points. The position of the points
are at the pasted position on the beam of the strain gauges, as shown in Fig.9. The strain of each strain
gauge can be calculated by outputting the initial coordinates of the node sets corresponding to all strain
gauges and the coordinates after loading and deformation. All strain gauges of this sensor are attached to
four beams, as shown in Fig.10.
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Figure 9: Strain gauge simulation method

Figure 10: All strain gauges of the sensor

The output of virtual calibration test is strain value, while the output of actual test is voltage. In order
to compare the differences between them, it is necessary to convert the strain into voltage. The strain
gauges are connected by Wheatstone bridge, as shown in Fig.11.

Uad

Figure 11: Wheatstone bridge
The relationship between strain and output voltage is
UO=§(£1+£3+€5+s7—£2—€4—s6—£8)Uad 2

Where k is the sensitivity coefficient of strain gauge, €1- €8 is the strain output of strain gauge R1-
R8,and U,, isthe strain output of strain gauge R1-R8. U,, is the supply voltage and U, isthe output
voltage.

4. Results and discussion

The virtual calibration test can obtain some data information such as the stress and strain of the sensor,
which can be used to optimize the structure of the sensor. It mainly adopts the method of finite element
analysis, which has high calculation efficiency and high precision.

Taking the calibration test in Mx direction as an example, the sensor is loaded at full scale, and then
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the stress distribution diagram of the elastic body of the sensor can be obtained, as shown in Fig.12. The
stress distribution diagram shows the stress state of the structure, from which we can find the location of
the maximum stress, that is, the dangerous point. Therefore, the structure can be optimized according to
the simulation results. The size and shape of dangerous points should be adjusted properly to reduce the
maximum stress and meet the strength requirements.

Figure 12: The stress distribution diagram under Mx loading

There will be interference between each measurement channel of the sensor, and its magnitude is
expressed by the coupling rate. The coupling rate formula is expressed as

)

where w;; is the output signal generated by Wheatstone bridge designed for load component i when

load component j acts alone, u;; is the output signal generated by Wheatstone bridge designed for load
component i when load component i is applied separately.

eijzu_ii

According to equation (2), the output voltage u is directly proportional to the average strain €, so
the coupling rate can be calculated according to the strain of simulation results. Then, analyze the possible
reasons of large coupling in the results, and optimize the structure of the sensor. The average strain output
of the optimized structure is shown in Table 1, and the corresponding coupling rate is shown in Table 2.

Table 1: Average strain of six components

Strain output(<10-6mm/mm

& Fx Fy Fz Mx My Mz
eFx 364.88 -0.06 -0.18 0.12 -0.07 -2.91
eFy 3.27 321.12 3.22 3.93 3.51 3.94
gFz 0.07 -0.02 364.97 2.69 -0.02 0.49
eMXx -0.01 0.004 2.6 1235.42 0.02 -0.01
eMy 0.01 0.03 0.01 0.04 730.98 0.05
eMz -2.6 0.01 0.001 0.02 0.01 1235.46

Table 2: Coupling rate of six components
o Coupling rate (%)
Fx Fy Fz MXx My Mz

eFx - -0.02 -0.05 0.03 -0.02 -0.8
eFy 1.02 - 1 1.22 1.09 1.23
eFz 0.02 -0.004 - 0.74 -0.01 0.13
eMXx -0.001 0.0003 0.21 - 0.001 -0.001
eMy 0.002 0.004 0.002 0.01 - 0.01
eMz -0.21 0.0004 0.001 0.002 0.001 -

Through the virtual calibration test, the coupling rate between all channels is reduced to less than
1.5%, so the optimization results meet the requirements of application. After structure optimization, the
sensor entity is processed as shown in Fig. 13.
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Figure 13: Wheel six-component force sensor

5. Conclusions

In this paper, the virtual calibration test method is used to optimize the structure of the wheel six-
component force sensor. The virtual calibration test uses commercial finite element software ABAQUS,
which has high calculation efficiency and accuracy. According to the simulation results, the structure is
optimized from two aspects of strength and coupling rate. First of all, find out all the large stress position,
modify its size and shape, etc., to reduce the maximum stress. Repeat the optimization several times until
all positions meet the strength requirements. After that, calculate the coupling rates between each two
channels. Analyze the reason of high coupling rate according to the simulation results, and then adjust
the structure. Through the virtual calibration test, the structure whose strength meets the design
requirements and the coupling rate is less than 1.3% is obtained.

In the future work, the sensors processed according to the optimized results will be calibrated. In
addition, the sensor will be verified by bench test with a standard sensor product.
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