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Abstract
In this paper, a noncontact load monitoring method based on laser-induced synchronous
ultrasonic surface wave and air wave is presented to improve the accuracy of load measurement
on pillar porcelain insulator. In order to eliminate the measurement error caused by insulator
deformation, a correction algorithm for surface wave velocity calculation is established by
introducing the air wave propagation time. An experimental setup of the load measurement
system for pillar porcelain insulators based on laser-induced dual ultrasonic waves was
assembled. A load calibration experiment and load detection experiment were carried out under
various bending and torsional loads. The results showed that the proposed method is effective to
solve the problem of the surface wave propagation time changing abruptly, greatly increasing
the accuracy of load measurement. In the monitoring experiments, the relative error between the
calculated load value and the actual applied load value was small, the average measurement
error of the bending load was 16.20%, and the average measurement error of the torsional load
was 11.38%. This proved that the measurement of the insulator load value using a laser
ultrasonic surface wave is more precise than the traditional methods, making it more suitable for
engineering inspection.
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1. Introduction

Pillar porcelain insulators are important components in power
plants and substations that support and insulate transmission
lines and ensure the normal operation of the pillar porcel-
ain insulator, which is of great significance to the safety of
power equipment [1, 2]. Pillar porcelain insulators are prone
to large stress concentrations due to installation errors, harsh
environments, improper operation, and other factors during
application [3, 4]. Moreover, cracks, pores, and other defects
will inevitably occur in the production process [5, 6]. Local
stress concentration will lead to the continuous expansion of
the defects and sudden fracture of the brittle insulator [7]. The
fracture of the pillar porcelain insulator often causes serious
safety accidents. According to the statistics, 85% of substa-
tion safety accidents are caused by the fracture of the pillar
porcelain insulator. In order to reduce the occurrence of insu-
lator fracture accidents, it is necessary to monitor the stress
state of the insulator in the service state [8, 9].

Ultrasound has been widely used for stress measurement
based on the theory of acoustoelastic effect [10–14]. How-
ever, the conventional contact ultrasonic method is not suit-
able for the in-service monitoring of pillar porcelain insulat-
ors, due to the high voltage induced damage to the electrical
instrument. The laser ultrasonic testing method is a poten-
tial method for the load monitoring with the advantage of
noncontact and remote stimulation and picking ultrasound
[15–20]. Laser ultrasonic testing allows rapid scanning of the
metal material to obtain the residual stress distribution on the
two-dimensional plane. Ye et al [20] used the surface wave
coupled with laser-electromagnetic ultrasonic technology to
study the surface/subsurface longitudinal residual stress dis-
tribution generated by gas metal arc welding. Duquennoy
et al [6] used laser ultrasound to study the residual stress of
Q235 bars, the results showed that the residual stress value
has a strong influence on the surface wave velocity. Zhan et al
[21] used laser ultrasound to detect the lateral and longitudinal
residual stress of the additively manufactured TC4 titanium
alloy. According to the papers mentioned above, the ultra-
sound velocity and the load exhibit negative correlation. How-
ever, the relationship between ultrasound velocity and the load
in ceramic insulators has not been studied.

The accurate measurement ultrasound velocity is essen-
tial condition for load measurement. As for specimens with
plain surface, the slope of linear fitting curve of travel time
and travel distance is used to represent the velocity of sur-
face wave [21]. However, the insulators in this paper have a
curved surface. In addition, the insulators will bend as suffered
wind load in working environment. So, the conventional fit-
ting method is hard to control the travel distance in remoted

condition, and will introduce errors into the measurement and
calculation of the surface wave velocity, which will eventually
cause stress detection errors. Therefore, a new method needed
to be developed to improve detection accuracy.

Aimed at the above problem, this paper proposes an
innovative dual ultrasonic wave me method based on
synchronous excitation of surface wave and air wave. The
air wave is used to corrects the surface wave error caused by
the deformation the ceramic material with irregular structure.
This is of great significance for improving laser ultrasonic
testing technology, and guiding the theoretical research of
ultrasonic testing.

2. Method and setup

2.1. Basic theory of the modified laser-induced dual
ultrasonic wave method

The ultrasonic waves that are emitted when a laser beam is dir-
ected at a material are very dependent on how the laser beam
interacts with the particular material. Once generated, these
ultrasonic waves propagate through both the material and the
surrounding air. When waves propagate through a material,
they are called surface waves, and when they propagate in
the surrounding air, they are called air waves [21]. In order
to accurately measure the spacing between the excitation laser
and the receiving laser, and to exclude the change of spot spa-
cing caused by insulator deformation or insulator lower flange
fixing bolt deformation during the bending test, a test system
based on simultaneously induced surface waves and air waves
was used. Figure 1 shows the schematic diagram of the gen-
eration and propagation of the surface waves and air waves
induced by a laser pulser on the pillar porcelain insulator spe-
cimen surface. It can be seen from figure 1 that the air wave
and the surface wave were simultaneously excited by a laser
beam on the specimen surface, because the air wave propag-
ated through the air and its propagation was not affected by the
deformation of the specimen, so the spot spacing calculated by
the air wave was not affected by the deformation of the speci-
men. The algorithm’s correction of the laser spot spacing based
on air waves, and calculation of the surface wave velocity by
using corrected spot spacing and the surface wave propagation
time obtained from the test, will greatly improve the accuracy
of the surface wave velocity and therefore increase the accur-
acy of the stress test system.

Figure 2 shows the waveform of the surface waves and
air waves on the pillar porcelain insulators induced by the
laser pulser. Cross-correlation calculations of surface waves
and air waves in coinstantaneous loading were carried out to
obtain the parameters ts (propagation time of surface wave)
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Figure 1. Schematic diagram of the generation and propagation of the surface waves and air waves induced by a laser pulser.

Figure 2. The waveform of the surface waves and air waves on the pillar porcelain insulators induced by the laser pulser.

and ta (propagation time of air wave). The parameter of room
temperature T was obtained by the dynamic focusing mirror
temperature sensor.

The velocity of air wave va can be calculated by the
following equation [22]:

va = 331.4+ 0.607T. (1)

Therefore, the distance of the inducing spot and receiving
spot d is given by:

d= tava. (2)

By obtaining the propagation time of a surface wave, the
velocity of the surface waves can be calculated by:

vs =
d
ts
. (3)

Thus, the velocity of air wave vs can be obtained at differ-
ent loads. The velocity changes of the surface wave (∆v) and
stress on the pillar porcelain insulator (Fw) satisfy the equation
as [23]:

∆v= kFw (4)

where k is a constant coefficient.
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Figure 3. Contrast diagram of ultrasonic signals, (a) is the original
signal and wavelet threshold denoising signal, (b) is ultrasonic
signals flight time of no noise reduction and denoising by dB6 and
sym8 wavelet function.

In practice, the distance between the detecting system
and pillar porcelain insulator is relatively far. Therefore, the
attenuation of the excitation laser is relatively serious, and
will lead to the surface waves and air waves induced by the
laser drowning in the noise. Therefore, the wavelet threshold
denoising method was adopted to process the signals. In
this paper, the wavelet threshold denoising method used the
sym8 wavelet as the wavelet base, because the sym8 wavelet
function has tight support and good continuity and symmetry,
making it suitable for denoising signals with good continuity.
Ultrasonic surface wave and air wave signals before and after
denoising are shown in figure 3. It can be seen from figure 3(a)
that thewavelet threshold denoising algorithm does not change
the phase of surface waves and air waves and has an excel-
lent denoising effect, which is convenient for subsequent sig-
nal processing. Figure 3(b) show that the noise reduction effect
of sym8 wavelet function is much better than the dB6 wavelet
function.

Figure 4. The linear relationship between the temperature of the
pillar porcelain insulators and the time of flight of the ultrasonic
wave.

In order to accurately extract the variation of the
propagation time of the surface waves and air waves, and to
reduce the testing error of the propagation time caused by the
change of waveform amplitude, a cross-correlation calculation
of the interpolated ultrasonic signal was carried out to obtain
the variation of the ultrasonic propagation time under various
loads. The ultrasonic signal was intercepted and the surface
wave signal was cross-correlated separately, which reduced
the influence of the similarity of the noise signal and other
clutter signals on the phase difference of the surface wave
signal.

Temperature is significant to the ultrasonic velocity. The
time of flight of ultrasound propagate in the insulators under
different temperature were measured and shown in figure 4.
It shows that the time of flight decreases with the increase of
temperature. The figure also depicts the fitting curve. There is
a very good linear relationship, with the fitting curve equation
being y=−0.377x+ 0.098. The fitting curve in figure 4 can
be used to correct the time of flight and velocity of an ultra-
sonic wave. However, the following tests in this paper were
conducted at a specific temperature, in order to focus on the
discussion of load measurement based on synchronous excit-
ation of surface wave and air wave.

2.2. Experimental setup

The experimental setup of the stress detection system for the
pillar porcelain insulators based on laser-induced dual ultra-
sonic waves is shown in figure 5. The laser model used by
the laser ultrasonic emission module was EO-1064-N. The
laser center wavelength emitted by this laser is 1063.551 nm.
When the pulse frequency of the laser was 1 KHz, the aver-
age power was 882.7 mW, the output energy of the optical
outlet was 0.92 mJ, and the laser divergence angle was about
2 mrad. The pulse width of the pulsed laser was 6.881 ns.
To protect the glaze layer on the insulator surface, a dynamic
focusing mirror was used to adjust the laser focusing state.

4



Meas. Sci. Technol. 34 (2023) 035205 Z-F Zhao et al

Figure 5. Experimental setup of the stress detection system for the pillar porcelain insulators based on laser-induced dual ultrasonic waves:
(a) physical map of the detection system, (b) working principal diagram, (c) schematic of the specimens in the experiment.

The dynamic focusing mirror was EL-10-30-Ci, from the
Optotune company. The focal length of the dynamic focusing
mirror could be adjusted within the range of −1.5 to 3.5 dpt.

The upper computer controlled the current to adjust the focal
length. The maximum input current of the dynamic focusing
mirror was 300 mA. In order to ensure the relative position
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Figure 6. Photographs of the pillar porcelain insulator load detection system based on laser ultrasound.

of the excitation laser spot and the receiving laser spot, the
excitation laser was deflected with a polarizer. The type of
polarizer used in the system was a SCANcube-10, and the
repeated positioning accuracy of the galvanometer was less
than 2 µrad, satisfying the requirements of laser spot position
adjustment. The polarizer was controlled by a SCANLAB
RTC5 card. The laser ultrasonic receiving module used a Poly-
Tec’s high-performance single-point laser Vibroflex, which
has a laser wavelength of 633 nm and a frequency range of 0–
24mhz. The receivingmodule received ultrasonic signals from
the NI PCI-5153 data acquisition board produced by National
Instrument. The sampling frequency of the board was 2 GHz,
and the sampling length was 50 000 sampling points.

2.3. Experimental scheme

In order to verify the load measurement method for pillar
porcelain insulators based on the laser-induced dual ultrasonic
wave method, calibration and testing experiments were car-
ried out on the pillar porcelain insulators in bending and tor-
sion experiments. The bending and torsion tester model was
QH-WQ-100 K, the rated bending force was 100 KN, and the
rated torsion force was 20 KN m, as shown in figure 6. In
the bending test, the pillar porcelain insulators were fixed by
anchor bolts, and transverse bending loads of 1 KN, 2 KN,
3 KN, 4 KN, and 5 KN were applied to the upper flange. In
the torsion experiment, the upper end of the pillar porcelain
insulator was fixed, and the lower end was rotated clockwise.
Torsion loads of 0.7 KN m, 1.4 KN m, 2.1 KN m, 2.8 KN m,
and 3.5 KN m were applied. The location of laser ultrasonic
detection was between the lower flange of the insulator and the

first umbrella skirt, 30–50 mm away from the lower flange, as
shown in figure 5(c). Since the stress directions on the surface
of the insulator under the action of bending load and torsional
load were different, the direction of the principal stress on the
surface of the insulator under the action of the bending load
was parallel to the normal line of the insulator ceramic column,
while the direction of the principal stress on the surface of
the insulator under the action of the torsion load was along
the axial direction of the insulator surface. To ensure that the
surface wave propagation direction was parallel to the prin-
cipal stress direction on the surface of the insulator, the excit-
ation and receiving laser spots were arranged vertically in the
bending test, while the two spots were distributed horizontally
along the axial direction in the torsion experiment.

3. Experiment results and discussion

3.1. Analysis of bending load calibration experiment results
of pillar porcelain insulators

Figure 7(a) shows the surface wave propagates time-load dia-
gram in the bending tensile stress region, where the abscissa
represents the transverse bending load loaded on the porcel-
ain insulator, and the ordinate represents the surface wave
propagate time. It can be seen that when the load is 2 KN
and 3 KN, the propagation time of the surface wave changes
abruptly, and the propagation time of the surface wave before
and after the sudden change shows a good linear relationship
with the load value. The reason for this is the deformation of
the porcelain insulator and the deformation of the anchor bolt
during the loading process. The detection position has a large
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Figure 7. Propagation time of the surface waves and air waves under various loads: (a) surface wave and (b) air wave.

Table 1. Changes of surface wave propagation time, air wave propagation time, and spot spacing with loading after correction.

Load value/(KN) 0 1 2 3 4 5

Surface wave propagate time /(µs) 3.0668 3.0539 3.0564 3.0583 3.0520 3.0479
Air wave propagate time /(µs) 29.8026 29.7393 29.9257 30.0629 30.0768 30.0925
Spot spacing /(µm) 10 044.8 10 023.4 10 086.2 10 132.5 10 137.1 10 142.4

displacement, and there are different degrees of eccentricity
during the installation of the pillar porcelain insulator. During
the lateral bending stress loading, the deformation of each
part is uneven, resulting in the change in the distance between
the excitation laser and the receiving laser spot. Figure 7(b)
shows the air wave propagate time-load diagram in the bend-
ing tensile stress region. It can be seen from figure 7(b) that
when the load is less than 3 KN, the propagation time of the air
wave gradually decreases, and the distance between the laser
spots gradually decreases.When the load is 3KN, the propaga-
tion time of the air wave changes abruptly, which is consistent
with the changing trend of the propagation time of the surface
wave. After 3 KN, the air wave propagation time changes less.
The spot spacing varies less.

The system read that the temperature of the experimental
site was 9.3 ◦C, and the air temperature was brought into the
calculation formula of the air wave sound speed equation (1),
from which we obtained the air wave speed of 337.04 m s−1

during the experiment. The vibrometer used in this system had
a system delay of 20 µs when the bandwidth frequency was
1 MHZ, so the propagation time of the surface waves and air
waves obtained was subtracted from the system delay.

Table 1 shows the surface wave propagation time ts and the
air wave propagation time ta after subtracting the system delay.
The spot spacing under each load was calculated by the air
wave propagation time and the air wave speed according to
equation (2). Finally, the surface wave velocity Vs under each
load was obtained by equation (3).

After synchronous excitation, the air wave–surface wave
wasmodified, and the surface wave velocity–load curve shown
in figure 8 was obtained. The surface wave velocity increased
from 3275.31 m s−1–3327.63 m s−1. Under a load of 5 KN,
the wave velocity change was 52.32 m s−1 compared with a

load of 0 KN. Using the obtained surface wave velocity–load
curve, the surface wave velocity change rate-load curve was
obtained, as shown in figure 8(b). The fitting equation of this
curve is y= 11.21315x− 0.08208, and in the load calibration
equation, the calibration coefficient K = 11.213 15. The linear
regression coefficient of determination R2 = 0.968 56, with
good linearity.

After the insulator bending load calibration curve was
obtained, the insulator bending load value could be calculated
using the calibration curve. First, the system was used to col-
lect the propagation time of the surface waves and air waves of
the insulator, to calculate the surface wave velocity, and then to
calculate the surface wave velocity change rate. The calculated
load value could be obtained by substituting the wave velocity
change rate into the load calibration equation obtained in the
previous section.

Figure 9 shows the comparison curve between the calcu-
lated load value and the actual load value.We calculated its rel-
ative error and absolute error, as shown in figure 9(b). As can
be seen from the figure, when the load was 3 KN, the absolute
error was the largest at 0.96 KN, and when the load was 2 KN,
the absolute error was the smallest at 0.10 KN. The relative
error was the largest at 32.03%, and the smallest was 5.21%.
Taking the average value of the relative error, the average error
of the bending load detection was 16.20%.

In the process of using the laser ultrasonic surface wave
to detect the bending load of the insulator, the error sources
included: a. During the firing process of the insulator, the
viscosity of the glaze is relatively high, and it cannot fully
cover the insulator ceramic embryo, which will cause uneven
glazing of the insulator and affect the propagation of surface
waves. b During the actual collection process, due to the insu-
lator’s deformation, the vibrometer laser will be out of focus,
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Figure 8. Results of the modified surface wave velocity, surface wave velocity variation, and linear fitting curve under various loads:
(a) modified surface wave velocity, (b) surface wave velocity variation and linear fitting curve.

Figure 9. Comparison between the experimental calculated load value and the actual load value and the absolute error and relative error:
(a) the calculated load and actual load, (b) the absolute error and relative error.

resulting in a low signal-to-noise ratio and unstable waveform
phase under a certain load, which affects the surface wave
velocity calculation.

3.2. Analysis of torsional load calibration experiment results
of pillar porcelain insulators

Since the distance between the excitation laser on the surface
of the insulator and the received laser spot does not change
during the torsion process, in this experiment, only the surface
wave data was collected, and the torque calibration curve used
the following formula:

|∆t|= KFN (5)

where ∆t is the change in the propagation time of the surface
wave, which is subtracted from the propagation time of the
surface wave under the initial state t0 to be the propagation
time t of the surface wave after the load is applied, FN is the
applied torque, and K is the calibration coefficient.

As shown in figure 10, the time-of-propagation of the insu-
lator surface wave changed under various torques. It can be
seen from figure 10(a) that with the increase of the applied

torque, the torsional shear stress decreases, resulting in the
increase of the surface wave propagation time; that is, the
surface wave velocity increases with the increase of the torque.
Considering that the direction of the torsional shear stress is
parallel to the propagation direction of the surface wave at this
time, it can be inferred that, when the propagation direction of
the surface wave is parallel to the stress direction, as the stress
value increases, the surface wave velocity also increases. The
conclusions obtained in the tensile stress region were consist-
ent. In figure 10(a), the torque increased from 0.7 KN m to
3.5 KN m, the surface wave propagation time changed from
23.13 µs to 22.90 µs, and the propagation time decreased by
0.23 µs. The fitting curve is shown in figure 10(b); the curve
fitting equation is y= 0.0886x− 0.0697, and the torque cal-
ibration coefficient K = 0.0886. The coefficient of determin-
ation of linear fitting, R2 = 0.9738, indicated that in the tor-
sion experiment, the linearity of the surface wave propagation
time and the torque fitting line was better than in the bending
experiment.

Using the experimental method, under the condition of con-
stant spot spacing, a torsion experiment was performed on the
insulator, and the calculated torque was compared with the
actual applied torque to verify the correctness of the torsion
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Figure 10. Surface wave propagation time, surface wave time-of-propagation variation, and linear fitting curve under various torques:
(a) surface wave propagation time, (b) surface wave propagation time variation and linear fitting curve.

Figure 11. The comparison between the experimental calculated load value and the real load value, the absolute error and relative error:
(a) calculated torque vs. applied torque diagram, (b) the relative error and absolute error of the calculated torque.

calibration curve and, at the same time, prove that the system
can be used for the detection of torsional stress in insulators.

The time-of-propagation rate of change was brought into
the torque calibration curve to obtain the calculated torque
value.We compared the calculated torque value with the actual
torque value, as shown in figure 11(a). It can be seen that the
calculated torque was relatively close to the real torque, and
the relative error and absolute error of the calculated torque
were calculated to obtain figure 11(b).

As can be seen from figure 11, the maximum absolute
error between the calculated torque and the applied torque
was 0.40 KN m, the minimum absolute error was 0.05 KN m,
and the maximum relative error was 13.18% when the torque
was 2.8 KN m. The minimum relative error was 3.91%, which
appeared at the torque of 1.4 KN m. The average error in the
calculated torque value was 11.38%. It can be seen that, in the
torsional load of the insulator detected by the laser ultrasonic
surface wave, the relative error was smaller than the bending
load measurement.

4. Conclusion

(a) An air wave–surface wave modified algorithm and ultra-
sonic signal preprocessing method based on synchronous
induced by laser were proposed in this paper, and applied
to bending load detection experiments for pillar porcelain
insulators. This method was able to effectively solve the
problem of the surface wave propagation time changing
abruptly due to factors such as installation eccentricity,
anchor bolt deformation, etc, which greatly increased the
accuracy of load measurement.

(b) Using the laser ultrasonic pillar porcelain insulator load
detection system, a load calibration experiment and load
detection experiment were carried out on the pillar porcel-
ain insulator under bending and torsional loads, and sur-
face wave and air wave data were collected. The ultra-
sonic signal was processed by the air wave–surface wave
correction algorithm based on synchronous excitation, and
the bending and torsional load values of the insulator

9
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were calculated and compared with the actual load value.
The results showed that the relative error between the
calculated load value and the actual load value was small.
The average measurement error of the bending load was
16.20%, and the average measurement error of the tor-
sional load was 11.38%, which proves that the detection
of the insulator load value using the laser ultrasonic air
wave–surfacewavemethod has sufficient accuracy tomeet
the needs for engineering inspections.
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