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Abstract: Trailing arms are widely used in the automobiles’ suspension system, and effective
detection of their wall thickness is essential to ensure their mechanical properties and to evaluate
the casting process. In this work, an ultrasonic measurement model (UMM) is firstly established
with consideration of the curvature and thickness of the trailing arm, then the UMM is introduced to
predict the theoretical ultrasonic waveforms with different hypothetical thicknesses of the trailing
arm. Next, the experimental ultrasonic waveforms are collected and matched with the predicted
theoretical waveforms by using the correlation matching algorithm. The hypothetical thickness with
the best match is regarded as the wall thickness of the trailing arm. Finally, an automatic ultrasonic
experiment was conducted on a trailing arm with a 5-degrees of freedom (DOF) manipulator, in which
the ultrasonic beam can radiate into a trailing arm at normal incidence. The results are compared with
those determined by the micrometer and microscope, showing that their relative errors are controlled
within 0.08 mm, which reveals the effectiveness of the present method. The method can also work for
wall thickness measurements of curved components with CAD models.

Keywords: trailing arm; wall thickness; ultrasonic measurement model; Gaussian beam;
curved surfaces

1. Introduction

The trailing arm is an important casting in the suspension system that connects the vehicle’s axle
to its chassis; the wall thickness has a great impact on its quality in practical application [1,2]. The
thickness tolerance can show the casting performance in manufacturing. Therefore, it is essential to
accurately measure the thickness distribution of trailing arms.

Several methods can be adopted in thickness measurement [3], such as micrometer, eddy current,
ultrasonic pulse-echo method [4], ultrasonic resonance method [5], etc. The micrometer measurement
accuracy is high, but it cannot measure the wall thickness before destroying a trailing arm. Eddy
current thickness gauge is mainly used for the thickness determination of the nonmagnetic coating
upon the ferromagnetic material [3]. At present, commercial thickness gauges with the ultrasonic
pulse-echo method have been widely used for thickness measurement [5,6]. Where a component with
a curved surface is concerned, the thickness measurement accuracy is poor because the ultrasonic
transducer cannot be coupled well with the component surface. The measurement accuracy is also
affected by operators, while non-contact ultrasonic methods can overcome this limit because water can
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act as couplant between the transducer and component [4], and the non-contact ultrasonic method can
determine the thickness automatically with the ultrasonic measurement system. Where the ultrasonic
resonance method is concerned, the calculation of theoretical resonance frequencies of double-curved
components is complicated and sensitive to the inputs, and the matching errors of resonance frequencies
are unavoidable in experiments.

It is well known that the accurate result of ultrasonic thickness measurement depends on both
velocity and time of flight (TOF) [7]. However, the wall of a trailing arm has a double-curved surface,
and the varying curvature can heavily distort the echoes of ultrasound, meaning that how to compensate
and determine TOF is key to the problem. Although many papers regarding ultrasonic thickness
measurement have been published, they cannot be directly applied to wall thickness measurement for
double-curved components because they have not considered the curvatures.

In this work, an ultrasonic measurement model is introduced to predict theoretical waveforms
for trailing arms in Section 2, and a correlation matching algorithm is developed to obtain the wall
thickness by matching theoretical waveforms with the experimental waveform. Experiments with the
5-DOF ultrasonic testing system are presented in Section 3; the analysis is also included to show the
validity of the present method. Finally, the conclusions are drawn in Section 4.

2. Method

2.1. The Overall Scheme

The overall scheme of the method is shown in Figure 1. The curvature, velocity, density and
hypothetical wall thickness of the trailing arm are included to develop the ultrasonic measurement
model; the theoretical ultrasonic waveform can be predicted for the trailing arm; ultrasonic experiment
is conducted to obtain a real waveform, and then it is matched with the predicted waveform by using
a correlation coefficient, which will be shown in Section 2.3. The hypothetical thickness is output as
the measurement result if the correlation coefficient is a maximum.
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2.2. An Ultrasonic Measurement Model for Trailing Arm

Figure 2 shows a pulse-echo ultrasonic measurement system with a focused transducer
interrogating a trailing arm immersed in water. The sound beam emitted from the transducer
T is incident on the outer surface S1 of the trailing arm along the normal direction of the interface.
Some energy is reflected; the rest passes through the interface and propagates into the inner surface S2.
Reflection, refraction, and mode conversion will also occur at the S2. Finally, part of the sound beam
returns to the transducer T along the original path. The sound beam direction follows Snell’s law. The
sound field is modeled to study the influence of the curvature and thickness on the waveform. In this
work, the ABCD matrix and Multi-Gaussian beam [8] superposition method are used to establish the
spatial sound field distribution model from transducer to the trailing arm. The sound field distribution
of frontwall and backwall can be written as [8–10]
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where Y = [y1 y2], y = [y1 y2 y3], A is Gaussian coefficient, n is the serial number of the Gaussian
coefficient, ω is the beam frequency, y is the spatial distribution of the sound field at the receiver, Y is a
section perpendicular to the direction of sound beam propagation y3, v0 is the surface velocity of the
transducer, ρ f is the density of water, c f is the velocity of sound in water, cL is the velocity of sound
in solid, d is the unit vector of sound beam propagation direction, d1 is water path, d2 is the sound
beam propagation distance in the trailing arm, which is the wall thickness h of the target incident
point. T12 and T21 are transmission coefficients, which are related to curvature κ1, κ2, κ3 and κ4. R21 is
the reflection coefficient. Mn

1 and Mn
2 are the 2× 2 matrixes related to the amplitude and phase of the

sound beam in sound beam propagation.
The derivation and calculation of the above parameters can be found in Reference [11]. In a linear

ultrasonic testing system, the strength of the received signal depends on the strength of the sound
field received by the transducer, and the sound field received by the transducer is the response of each
particle on the surface of the transducer. The average sound pressure on the surface of the transducer
is used to indicate the strength of the received sound field, also known as transfer function, expressed
as [9,12]:

P(ω) =

∫
S P(y,ω)dS

S
(3)

Ultrasonic measurement model includes two main parts: one is the system function, s(ω), which
only considers all the electrical and electromechanical parts in the measurement system; and the other
is the elastic/acoustic transfer function, P(ω), which describes the propagation, reflection, scattering,
and reception processes of ultrasonic acoustics. The ultrasonic measurement model can be written
as [9,12]

VR(ω) = s(ω)P(ω) (4)

In practical applications, the system influence factor is usually obtained by a direct measurement
in a calibration setup, where the pulse-echo wave from a front planar surface at normal incidence is
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measured [13]. Combing the system function and transfer function, the frontwall and backwall echo
can be predicted according to Equation (4).
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2.3. Thickness Matching Algorithm

Assuming that the coefficient axy is introduced to correlate the waveform x(t) with the waveform
y(t) as [14].

x(t) = axyy(t + τ) + xe(t) (5)

Thus, the approximate error of these two waveforms is obtained.

xe(t) = x(t) − axyy(t + τ) (6)

According to the minimum mean square error criterion, we know that:

x2
e (t) =

∫
∞

−∞

[
x(t) − axyy(t + τ)

]
dt (7)

when x2
e (t) is minimum, these two waveforms match best, and we can get.
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∫
∞
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. (8)

Substituting Equation (8) into Equation (7), the minimum approximation error can be obtained as:

x2
e (t) =

∫
∞

−∞

x2(t)dt−

[∫
∞

−∞
x(t)y(t + τ)dt

]2∫
∞

−∞
y2(t)dt

(9)

Use waveform x(t) to normalize the minimum error,
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Define that [15],

ρxy =

[∫
∞

−∞
x(t)y(t + τ)dt

]2∫
∞

−∞
x2(t)dt

∫
∞

−∞
y2(t)dt

(11)

ρxy is the correlation coefficient of waveforms x(t) and y(t), and the integral is converted into a
numerical operation to obtain [15].

ρxy =
(
∑

x(t)y(t + τ))2∑
(x(t))2∑(y(t + τ))2 (12)

ρxy = 1 means two waveforms are completely correlated, ρxy = 0 means the two signals are
completely uncorrelated and 0 < ρxy < 1 means partially correlated. These two waveforms match
better when ρxy is bigger [16].

Where the hypothetical wall thickness is concerned, the time of flight of the experimental waveform
y(t) is used to calculate the approximate thickness, and a gap of 0.01 mm is introduced to create the
hypothetical wall thicknesses based on the approximate thickness with ±30% range.

3. Experiments and Analysis

3.1. Ultrasonic Measurement Setup

Figure 3a depicts the setup for ultrasonic experiments [17]. A DPR 300 ultrasonic pulse
generator/receiver was employed to drive a spherically focused transducer (Panametrics V327,
2-inch focal length, Olympus Panametrics, Inc., Waltham, MA, USA) with the center frequency of
f0 = 9.78 MHz, the effective element radius of r = 6.35 mm and the pulse width of σ = 0.52 µs. Then,
a computer-controlled 5-DOF manipulator was used to hold and adjust the transducer so that the
ultrasonic beam can radiate into the trailing arm in the water tank at normal incidence [18]. Finally,
a 200 MHz DAQ data acquisition card ADLINK PCIe-9852 was adopted to obtain the ultrasonic
waveforms. The density and longitudinal velocity of the trailing arm were measured asρ = 7836 kg/m3,
cL = 5750 m/s. The density and longitudinal velocity of water were measured asρ f = 1000 kg/m3,
cL = 1486 m/s. Curvature parameters are determined by the CAD model of the trailing arm.
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As shown in Figure 3b, twelve points are selected from the trailing arm for thickness measurement,
and three experimental waveforms are collected at each point. Since ultrasonic has a strong directivity,
the incident direction of the acoustic beam shall be in agreement with the direction of normal vector of
the point when ultrasonic signals are acquired [18], thus, the kinematic equation [19] for the 5-DOF
manipulator is established according to the Denavit–Hartenberg parameters [20] and the CAD model
of the trailing arm. All the joint variables can be inversely resolved from the kinematic equation of the
manipulator [20]. The acoustic beam is then aligned with the points on the trailing arm by adjusting
the attitude of the transducer. Please refer to the published work for details [18].
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3.2. Measurement Results Analysis

According to the above-mentioned method, the ultrasonic waveforms obtained in the experiments
are used to match with predicted waveforms, and three measurement results are averaged for the wall
thickness of a certain point to suppress the random error, Table 1 shows the measurement results for a
trailing arm.

Table 1. Wall thickness measurement values of the trailing arms.

Measurement
No.

Point No.

1 2 3 4 5 6 7 8 9 10 11 12

1 4.15 5.18 4.98 6.22 5.73 4.83 5.14 5.45 6.32 5.70 5.01 5.22
2 4.17 5.23 5.03 6.28 5.74 4.82 5.10 5.49 6.28 5.66 4.97 5.26
3 4.16 5.22 5.02 6.25 5.69 4.84 5.15 5.44 6.33 5.65 4.99 5.27

mean 4.16 5.21 5.01 6.25 5.72 4.83 5.13 5.46 6.31 5.67 4.99 5.25

To further illustrate the matching process of the proposed method, Figure 4 indicates an
experimental waveform and two predicted waveforms when h are 5.74 and 5.85 mm, and their
correlation coefficients are 0.92 and 0.81, respectively. One can see from Figure 4 that the predicted
waveform matches with experimental waveform better when the correlation coefficient is bigger. Note
that these two predicted waveforms are calculated using the same parameters with different angles
of incidence (2◦ and 0◦), which shows that it is necessary for the ultrasonic beam to radiate into the
trailing arm at normal incidence.Coatings 2020, 10, x FOR PEER REVIEW 7 of 9 
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To verify the validity of automatic ultrasonic measurement, the trailing arm undergoes subdivision,
stripping, and slicing, then the thickness measurement is performed on the planned points with
a micrometer (Mitutoyo, M110-25), whose specification of measurement error is 0.01 mm. Table 2
shows the results measured with different methods and their relative errors. As this shows, the
relative errors between the results measured with micrometer and the present method are within 0.08
mm, which meets the measurement requirement of a trailing arm manufactured by casting. Because
the relative errors between the results measured with micrometer and the conventional ultrasonic
thickness measurement method are much higher, the ultrasonic measurement accuracy will degrade
if the curvature is not taken into consideration. In addition, Measurement with an Olympus SZX16
stereomicroscope is performed; Figure 5 indicates its measurement result of point 3, which agrees well
the result determined by the present method.
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Table 2. Comparisons between results measured with three different methods.

No.
Results Measured
with Micrometer

(mm)

Results of
Present

Method (mm)

Relative ErrorI
(mm)

Results of Conventional
Ultrasonic Method (mm)

Relative
ErrorII (mm)

1 4.20 4.16 0.04 3.98 0.22
2 5.15 5.21 0.06 5.03 0.12
3 5.06 5.01 0.05 4.93 0.13
4 6.17 6.25 0.08 6.34 0.17
5 5.79 5.72 0.07 5.47 0.32
6 4.76 4.83 0.07 4.92 0.25
7 5.18 5.13 0.05 5.09 0.09
8 5.53 5.46 0.07 5.39 0.14
9 6.23 6.31 0.08 6.34 0.11

10 5.75 5.67 0.08 5.88 0.13
11 4.93 4.99 0.06 5.01 0.08
12 5.33 5.25 0.08 5.21 0.12

P.S.: Relative Error I denotes relative error between the present ultrasonic method and micrometer method. Relative
Error II denotes relative error between the conventional ultrasonic method and micrometer method.
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The limitations for the applicability of the used approach include: CAD model of the component
to be measured is required, the transducer must be carefully controlled so that ultrasonic beam radiates
into the trailing arm at normal incidence, otherwise the experimental waveform cannot be obtained
accurately, which results in measurement error. The measurement efficiency of the present method is
not high; it generally takes 25 min to finish a trailing arm measurement.

4. Conclusions

In this work, an automatic measurement method was developed to measure the wall thickness of
trailing arms nondestructively; the method can also work for wall thickness measurement of curved
components with CAD models. The conclusions are drawn as follows:

• Both the curvature and thickness of the trailing arm are both introduced to calculate the predicted
waveforms, so the present method has obvious advantages over the conventional ultrasonic
thickness measurement method;
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• A waveform matching method is developed to calculate the measured thickness;
• The relative errors between the results determined by the present method and micrometer are

within 0.08 mm, but the present method does not need to destroy the trailing arm.
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