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Abstract: Composite materials have attracted significant attention with regard to the manufacturing
of structures that require weight reduction, such as automobiles and aircraft, because they are more
resistant to corrosion and fatigue than conventional metal materials. However, such materials exhibit
a reliability degradation problem, i.e., their mechanical and physical properties deteriorate due to the
occurrence of delamination and voids. Ultrasonic inspection methods have been widely applied for
nondestructive detection of such defects in structures; however, the application of these approaches
has been impeded due to high anisotropy and acoustic attenuation. In addition, the existing ultrasonic
inspection methods require considerable time and cost for the inspection of large materials or
structures. These problems were addressed in this study by developing an automatic ultrasonic
inspection system; this was achieved by adopting a squirter-type water injection device, which uses a
multi-joint robot and the through-transmission ultrasonic method. In addition, a software program to
correct axis misalignment was developed and verified to solve the deterioration in defect detectability
and accuracy that was caused by axis misalignment, which may occur during the use of the developed
system. This development was accomplished after measuring the coordinates of the deformed
mechanical part using a three-dimensional laser measuring instrument.

Keywords: composite structure; multi-joint robot; delamination; squirter; through-transmission
ultrasonic (TTU)

1. Introduction

Composite materials are artificially manufactured from two or more materials that complement
their most attractive properties while maintaining their macroscopic characteristics, which is in contrast
to the metal alloys that have been widely used in the past as raw materials for various structures.
Representative composite materials include carbon fiber reinforced plastic (CFRP), glass fiber reinforced
plastic (GFRP), and epoxy resin materials [1,2]. Composite materials are stronger, lighter, and more
resistant to corrosion and fatigue than conventional metal materials [3]; therefore, they have attracted
significant attention as materials for structures that require weight reduction, such as automobiles,
aircraft, and structures for defense and aerospace industries. However, the initial production costs
of these composite materials are higher than those of metal materials. This cost encompasses all
the expenditures incurred from the sourcing of raw materials to the manufacturing process. From a
technical perspective, the reliability of structures composed of these materials may be lower because the
mechanical and physical properties of such structures deteriorate due to the occurrence of delamination,
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voids, inclusions, fiber misalignment, fiber fracture, debonding, etc., which are volumetric defects
present in composite material structures [2]. In particular, delamination is regarded as a defect
because it can significantly reduce the mechanical properties of the structure [4]. A void is the most
common defect in the manufacturing process and affects mechanical properties, such as lowering the
shear strength [5]. To address this problem, various nondestructive inspection methods have been
applied [6-9].

Among the nondestructive inspection methods, ultrasonic inspection methods have been most
widely applied due to the nature of composite materials. Inspection in water for large structures has
been excluded due to their sheer size and methods that efficiently use space with water injection
have been widely used instead [10]. Composite materials exhibit higher levels of anisotropy and
acoustic attenuation than other materials, which makes it difficult for ultrasound to pass through
them. To address this problem, the through-transmission ultrasonic (TTU) method has been widely
used. This method generates ultrasound on one side of a structure and receives it on the other
side using two sensors; consequently, the ultrasound needs to pass through the specimen only once.
In addition, as composite materials have already been used in large structures such as aerospace
structures, automobiles, and submarines, numerous studies have been conducted using robot systems
to inspect them with nondestructive inspection methods [10,11]. Previous research has focused on
developing multi-joint robotic ultrasonic inspection systems for the inspection of large composite
material structures and verifying their validity [12]. However, multi-joint robotic ultrasonic inspection
systems that use the TTU method may misinterpret an intact part as a defect if the two sensors are
not accurately aligned because of the change in ultrasonic transmission intensity. To address this
problem, two robot systems are precisely adjusted during the production of a multi-joint robotic
ultrasonic inspection system with the objective of accurately aligning the two sensors. For the existing
multi-joint robotic ultrasonic inspection systems, however, deformation occurs in many areas over
time; for instance, at the floor level and in the machine assembly. Changes in the level values affect the
ultrasonic inspection results. Regular adjustments to system levels and assembly are required to solve
this problem; however, these require considerable time and are not cost-efficient. Therefore, this study
focused on the development of a software program for automatic control of a multi-joint robot and
correction of the level values by measuring the coordinates of the deformed mechanical part and
applying the results to pre-developed software. The abovementioned coordinates were determined
using a three-dimensional (3D) laser measuring instrument. Subsequently, the developed program
was verified.

2. Related Theory

2.1. TTU Method Using Water Injection

In the TTU method, ultrasound is generated by one sensor and received by the other sensor
while water is injected through the squirters on both sides, as shown in Figure 1; the water is used
as a couplant and it must be continuously injected. The sound pressure of the received ultrasound
varies, depending on the acoustic impedance or attenuation/scattering. The defects are detected by
scanning the area that is to be inspected and representing the sound pressure change of the scanned
area on a two-dimensional (2D) plane. The sound pressure at the receiver varies, depending on the
acoustic impedance, attenuation, and scattering. The acoustic impedance results in a change in the
sound pressure of ultrasound, which is reflected or transmitted at an interface, because it propagates
from one medium to another or to a defect. The reflection and transmission coefficients of ultrasound
at an interface are determined by Equations (1) and (2) at normal incidence.
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where Rj_,, is the reflection coefficient at the interface for propagation in two media, T1_,, is the
transmission coefficient at the interface, and Z is the acoustic impedance, which is expressed as the
product of the density and the speed of sound in the material.
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Figure 1. Through-transmission ultrasonic method with squirter.

As shown in Figure 2, when ultrasound propagates into another medium, the sound pressure
received by the opposite side varies depending on the impedance of the medium. If the magnitude of
this sound pressure is represented on a 2D plane, it can be expressed with different contrasts, as shown
on the right. When the obtained ultrasonic images are evaluated, intact and defective parts exhibit
different sound pressures, making it possible to determine the presence of a defect.
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Figure 2. Ultrasonic image of a material with different impedances.

Figure 3 shows the case of delamination, which is a defect that frequently occurs in composite
materials. The delaminated part causes total reflection (100%) of ultrasound due to the air layer formed.
The parts of the structure that receive ultrasound and those that do not (as a result of total reflection)
clearly show differences in the transmitted sound pressure. Delamination can be detected by finding
such differences in sound pressure in ultrasonic images.
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Figure 3. Ultrasonic image obtained from a delamination layer.

A defect that frequently occurs in composite materials along with delamination is a void, as shown
in Figure 4. Ultrasonic scattering occurs on the surface of a void, resulting in a difference in sound
pressure between an intact part without a void and a defective part with a void. The defects can be
detected using this difference in the sound pressure.
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Figure 4. Change in ultrasonic sound pressure due to a void.

The ultrasound sound pressure changes because of the acoustic impedance change and
attenuation/scattering in a material. Defects are also detected through the ultrasonic sound pressure
images obtained as a result of such changes.

The pre-developed multi-joint robotic ultrasonic inspection system performs inspections by
arranging the transmitter and receiver sensors in a straight line. If their coordinates are misaligned due
to deformation of the mechanism, a spurious sound pressure change occurs because the two sensors are
no longer arranged in a straight line. In this case, the reliability of the inspection is degraded because
the sound pressure change occurs even in an intact part that is not a defect. To address this problem,
it is necessary to measure the degree of misalignment caused by the deformation of the mechanism
and to correct the misalignment.



Appl. Sci. 2020, 10, 6967 50f11

2.2. Collection and Arrangement of Coordinates for Improvement of Systems’ Accuracy

We addressed the problem of misinterpreting an intact part for a defect when the sound pressure
changes due to the misalignment of the two sensors, which is caused by the deformation of the
mechanism. Consequently, an algorithm was developed that is capable of measuring the degree of
deformation by a stepwise procedure that involves using a 3D laser measuring instrument, calculating
the correction values based on the measurements, and compensating for the axis misalignment.
This algorithm first follows a motion along the bogie axis (yy-axis) after setting the coordinate system,
as shown in Figure 5; it also measures the coordinate values of the x-, y-, and z-coordinates at the robot
control point position to correct the coordinate misalignment of coordinates due to the deformation
of the mechanism. In this instance, it is assumed that the control of the traveling multi-joint robot is
accurate and that deformation occurs only in the bogie that moves the robot.

R1 Robot

\
I {jg

Figure 5. Robot coordinate setting for collecting coordinate values.

To confirm the roll, pitch, and yaw using the measured spatial coordinates, the misalignment of
the robot bogies in 3D space is calculated on all yy-axes using Equations (3)—(5), respectively.

z

Roll(deg) = sin™ ( ) (©)
(x + x0)* + 22

Pitch(deg) = sin™? ( = ) 4
Vo + )" +22

Yaw(deg) = sin™! (4) ®)
(x+ XQ)Z + ]/2

As the actual multi-joint robot is controlled using the x-, y-, and z-coordinate values, the calculated
roll, pitch, and yaw values are applied to the rotation matrices of Equations (6)—(8), respectively,
to calculate the misaligned coordinate values on all the yy-axes.
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Using the obtained coordinate values, the misaligned coordinate values can be accurately restored
even when the position changes due to movement of the robot.

3. Experimental Setup and Method

In this study, we attempted to solve the deterioration in the accuracy and reliability of inspection,
which is known to be caused by the deformation and misalignment of the bogie part. The misalignment
occurs due to the usage environment of the pre-developed multi-joint robotic ultrasonic inspection
system. To this end, a software algorithm capable of automatically compensating for the level values
of the multi-joint robot was developed and applied to an actual system for verification. The ultrasonic
system used for the analysis generated/received signals using a pulser/receiver; amplification and filter
devices were installed in consideration of the attenuation of ultrasonic signals. To convert the received
analog signal to digital, an analog—digital converter was installed and programmed.

First, to examine the axis misalignment of the system intuitively, the water columns of the two
robots were accurately aligned with no product to be inspected, as shown in Figure 6. Data were
acquired while the robots were moved by 100 mm in the z direction and by 650 mm in the y direction,
in 3 mm intervals; the data were expressed as 2D images. The frequency of the ultrasonic sensor was
set to 0.5 MHz. Regarding the ultrasonic sound pressure, the linear scale was set to 50% and the log
scale to 80%.

Figure 6. Shape of the squirter.
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After intuitively examining the axis alignment, the spatial coordinates were measured at the
respective control points of the R1 robot (x-axis origin distance: 2393.058 mm; y-axis origin distance:
0.000 mm; z-axis origin distance: —250.535 mm) and the R2 robot (x-axis origin distance: 2104.081 mm;
y-axis origin distance: 311,737.000 mm; z-axis origin distance: —250.554 mm); this was achieved by
using a laser tracker (Absolute Tracker from Leica, Switzerland) to obtain the spatial coordinates of the
bogie axis that was misaligned.

The roll, pitch, and yaw were calculated using the measured coordinate values and Equations (3)—(5).
Subsequently, these roll, pitch, and yaw values were applied in the rotation matrices of Equations (6)—(8)
with the objective of calculating the misaligned coordinate values on all the yy-axes. In the developed
algorithm, correction values were derived by using these values, with the aim of performing movements
while each axis was corrected.

To verify the performance of the algorithm, a reference specimen that simulated artificial defects
was fabricated, as shown in Figure 7.

500

—
)

| 1100

Figure 7. Shape and dimension of reference specimen (mm).

The geometry and simulated defects of the specimen were fabricated in accordance with the Airbus
standard. The specimen was scanned to acquire an image before compensating for the misalignment
of the bogie axis, as shown in Figure 8. Another image was also acquired after performing the
pitch and yaw corrections. The images were compared and analyzed. In addition, for a composite
material specimen without defects, the images obtained before and after correction were compared
and analyzed.

Figure 8. Scanning for reference specimens with artificial defects.
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4. Results

Figure 9 shows the ultrasonic image acquired in the absence of the specimen and the position
coordinate values for three axes, which were measured using the laser tracker during transport of the
bogie axis to identify axis misalignment. As shown in Figure 9, the ultrasonic image acquired during
the transport of the bogie axis was observed to include dark and bright sections, which appear to have
occurred because of the change in sound pressure caused by axis misalignment.
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Figure 9. Image of x-, y-, and z-axis misalignment for the R1 and R2 robots.

In the case of the y-axis, the intensity of the ultrasound sharply decreased at positions where there
were rapid changes on the coordinate axis, resulting in the formation of dark images. The misalignment
of the y-axis had the greatest effect on the ultrasonic image. The x-axis, which represents the distance
between the robots, had a lower effect on the change in sound pressure.

To correct the axis misalignment, the roll, pitch, and yaw values were calculated at each point.
This calculation was achieved by using the coordinate values that were measured using the laser tracker
and Equations (3)—(5). Subsequently, these roll, pitch, and yaw values were applied in the rotation
matrices to calculate the misaligned coordinate values on all yy-axes and the derived correction values.
Based on this procedure, the developed software performed automatic correction during scanning.

Figure 10 shows the ultrasonic image that was acquired after performing yaw correction, in which
the deleterious effects appearing in the ultrasonic image before correction are significantly diminished.
Although the misalignment of the y-axis had the greatest effect among the three axes, pitch correction
was also performed and data were re-acquired.

Log Scale

Figure 10. Image after yaw correction.

Figure 11 shows the image acquired after performing pitch correction in addition to the yaw
correction. The change in the sound pressure was observed to be constant at almost all points;
this confirms that the developed algorithm can perform accurate axis compensations.
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Log Scale

Figure 11. Image after pitch and yaw correction.

Figure 12 shows C-scan images of the reference specimen that were captured before and after
implementing the corrections; the specimen was fabricated to verify the validity of the correction
algorithm. C-scan is a method of taking plane images using a signal measured by the TTU method.
Here, only pitch and yaw corrections were performed, as in the previous case. As shown in Figure 12a,
a relatively dark image appeared within the red box before correction because the received sound
pressure was reduced by axis misalignment. This characteristic can be mistaken for delamination
or the presence of voids during actual composite material inspection. To address this problem,
axis misalignment was corrected by applying the developed algorithm, then an image was acquired
from the same specimen. Figure 12b shows that the changes in contrast that appeared before the
correction were almost completely removed. This confirmed that the developed algorithm could
accurately correct the axis misalignment.

. |.' - :
& & -

(b) After correction

Figure 12. C-scan images of the specimen with simulated defects.
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The same experiment was performed with the actual composite material specimen; the results are
shown in Figure 13. As with the results of the reference specimen, the majority of the changes in image
contrast caused by axis misalignment were removed after correction.

T
e - g =

(a) Before correction

vooow

(b) After correction
Figure 13. Ultrasonic images of the actual composite material specimen.
5. Conclusions

In this study, an algorithm for correcting the deformation and misalignment of the bogie part was
developed to solve the deterioration in the accuracy and reliability of inspection to ensure the integrity
of composite material structures. The misalignment may occur due to the usage environment of the
pre-developed multi-joint robotic ultrasonic inspection system. The performance of the algorithm was
verified by fabricating a reference specimen. We observed that the contrast on the ultrasonic image
changed even when there was no defect because axis misalignment changed the ultrasound beam’s
intensity. Therefore, the correction algorithm was used to address this problem and we confirmed
that changes in contrast caused by axis misalignment could be corrected; however, the variations in
contrast that were caused by defects could not be corrected. These results imply that deterioration in
the inspection reliability that is caused by axis misalignment can be solved.
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