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Abstract
Micro computed tomography (µCT) is quite useful in the nondestructive evaluation
of devices with complicated internal structures. However, a large difference in x-ray
absorption coefficients of the materials produces streak and star pattern artifacts in a CT
image. These artifacts, which are called “metal artifacts”, make it difficult to inspect an
image of the device. Hence, this study strives to develop a new reconstruction method
that reduces the artifacts from images. In this paper, we first discuss the cause of the
artifacts using CT data of a sample. Next, we propose a CT reconstruction algorithm
to reduce the artifacts. The basic idea of the algorithm is that it corrects the projection
data. The shapes of high density parts such as metals are extracted by a threshold
method and projection data are replaced to consistent values. Finally, we apply the
method to select devices, and confirm that the method is applicable to nondestructive
inspections.
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1. Introduction

Currently, electro-mechanical systems and devices are composed of various materials.
Hence, a non-destructive inspection technique is necessary in production fields because the
commercial values of these devices depend on not only the machining accuracy of each part,
but also the assembly accuracy of the entire system. For example, consider a lens unit for a
digital camera. The unit is composed of multiple materials, such as resins, glasses, metals,
ceramics, and so on. It seems that the primal inspection of the lens unit is an evaluation of
the condition of the resin parts. Thus, during the manufacturing processes, an inspection to
detect voids in the resin parts is important. In addition, for quality certification of the unit,
other items must be inspected for issues such as thermal or structural damage after testing for
fatigue.

To evaluate the quality of a device, micro x-ray computed tomography (µCT) has the po-
tential to become a great efficient technique because it provides three-dimensional geometrical
information of the internal structures. However, hurdles remain in applying the CT imaging
technique to inspect devices. That is, a large difference in x-ray absorption coefficients of
materials sometimes produces artifacts with streak and star patterns in the CT images, espe-
cially when CT scanning is performed with low intensity x-rays. In fact, low intensity x-rays
must be employed to inspect the lens unit due to the smaller x-ray absorption coefficient of
the resin. In this case, artifacts in CT images are inevitable. The artifacts, which are generally
called “metal artifacts,” disturb the detailed observation of the resin part.
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This study aims to establish a highly accurate non-destructive inspection technique for
devices with various materials using x-ray CT imaging. Our initial study examined the accu-
racy of medical CT images, and proposed correction methods for the partial volume effect,
which is caused by the thickness of the x-ray beam(1), (2). This effect provides ambiguous CT
images, especially at the surface of a scanning subject. Although previous methods success-
fully correct the partial volume effect, these methods are ineffective for CT images with metal
artifacts. In the next stage of our study, we focused on artifacts in medical CT images because
numerous people now have metallic implants in their bodies. We attempted to reduce the ar-
tifacts caused by dental fillings or implants in order to obtain the exact material properties of
bones and soft tissues from CT images(3), (4). The phenomenon of metal artifacts in medical
CT images is essentially no different from that of artificial devices.

This paper proposes a new CT reconstruction algorithm that provides accurate CT images
without metal artifacts, regardless of the materials of the device. The details of the algorithm
are explained using a sample with a simple structure, while the efficiency of the algorithm is
discussed based on an application to an actual electrical device.

2. Overview of x-ray CT imaging and previous studies

Cross-sectional CT images are generally reconstructed from x-ray projections of the ob-
ject(5). Projection data is generated using an x-ray source that rotates around the object with
x-ray sensors positioned on the opposite side of the circle from the x-ray source. Pixels in a
medical CT image are displayed in terms of relative radio-density. The brightness of the pixel,
called the CT value, is proportional to the mean attenuation of the material, which corresponds
to the Hounsfield scale. Water has an attenuation of 0 Hounsfield units (HU), whereas air has
a value of −1000 HU. The computation of a Hounsfield unit is performed using a calibrator
filled with water. However, it is not necessary to perform such a calibration in the case of
industrial x-ray CT scanning, and thus, we treat the pixel values of industrial CT images as
indicators of the materials.

An x-ray CT image has metal artifacts when the object contains materials with extremely
high x-ray attenuation coefficients like metals, which frequently occur during industrial in-
spections. Several reconstruction techniques have been proposed to reduce metal artifacts
from medical CT images(6) – (10). These techniques can be roughly classified into three meth-
ods, and their applications to nondestructively inspect artificial devices are discussed below.

The first method reconstructs a cross-sectional image based on an iterative calculation
such as an expectation maximization (EM) method or an algebraic reconstruction technique
(ART)(6), (7). The method requires massive calculation power, and is difficult to apply to gen-
eral CT devices due to the mandatory calculation time for imaging.

The second method is used for visualization to guide cryosurgery(8). Cryosurgery is
a therapeutic procedure to ablate tissue by freezing an injury. The proposed method in this
report uses two CT images: one scanned before the cryoprobes are inserted, and the other after
the cryoprobes are put into place. Hence, it is difficult to apply this method to non-destructive
inspections.

The third method corrects x-ray projection data when x-rays transmit high-density mate-
rials(9), (10). The method localizes the metallic objects in the original CT image using a simple
thresholding of the CT numbers in the first procedure. Then, the extracted image of the metal-
lic objects is provided for the forward projection in order to obtain an ideal absorption by
the object. Next, the actual projection data is refined using the forward projected data. Al-
though this method significantly improves image quality, the interpretation of the first step is
debatable. That is, the original CT image with metal artifacts is insufficient to obtain accurate
shapes and orientations of metallic objects.

Our method proposed herein improves upon the third method in order to resolve the
aforementioned problem. The unique feature of our method is based on a direct signal con-
version technique for the projection data. A detailed description of the method is described
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Fig. 1 Sample for CT imaging.

below using the sample shown in Fig.1(a).
The sample was composed of an acrylic column with a 20mm diameter and two steel

shafts with 3mm diameters. At the center of the column, the sample had a hole 0.5mm in di-
ameter and 5mm in depth. CT scannings of the sample were performed by a micro-focus x-ray
CT scanner (ScanXmate-A130SS940, Comscantecno Co., Ltd.). The scanner had a matrix-
type x-ray sensor, which was comprised of 640×480 detectors. Hence, the scanner was able to
perform cone-beam x-ray radiations while simultaneously providing three-dimensional pro-
jection data. In this study, we treated the scanner like a fan-beam CT scanner using the outputs
of the central 512×1 detectors due to the difficulties of three-dimensional reconstruction. The
sample was provided to the CT scanning under the following conditions: the tube voltage on
the x-ray source = 80kV, and the tube current = 3µA. X-ray radiations to the sample were
performed from 800 directions in a 360-degree rotation (rotation resolution is 0.45). CT scan-
nings were performed at two cutting planes as illustrated in Fig.1(b); one was at the center
of the column (Cutting plane 1), and the other was in the upper region with the small hole
(Cutting plane 2).

Figure 2(a) shows the projection data at the cutting plane 1. The figure shows the data
in a 180-degree rotation due to its symmetrical property. We initially reconstructed the cross-
sectional image of the sample using a conventional CT reconstruction algorithm, Filtered Back
Projection (FBP). As shown in Fig.2(b), the reconstructed image has heavy metal artifacts,
which make it extremely difficult to inspect the states of the resin parts.

3. CT image reconstruction algorithm to reduce metal artifacts

To thoroughly examine the cause of the metal artifacts, we plotted the profiles of the x-ray
attenuation at rotation angles r = 90◦ and r = 180◦ for the projection data shown in Fig.2(a).
Figure 3 shows the profiles. In these graphs, the horizontal axes indicate the detector number
d, while the vertical axes represent the output values of each detector corresponding to x-ray
absorption. The output values were about 0.5 in regions where x-rays transmitted only the
acrylic resin. On the other hand, the values in the steel shafts regions were five or more times
higher. Furthermore, there were few differences in the output values between the regions that
x-rays transmitted one shaft (d ≈ 150 and d ≈ 360 in Fig.3(a)) and two shafts (d ≈ 256 in
Fig.3(b)), despite a linear relationship for the output value and the number of the shafts is
reasonable. This means that the projection data contains inconsistencies. Conventional CT
reconstruction algorithms such as FBP are based on coherent x-ray absorption by the object.
Thus, the main cause of the metal artifacts seems to be inconsistent projection data.

To reduce metal artifacts in CT images, our CT reconstruction algorithm corrects the
inconsistencies in the projection data. That is, the algorithm extracts projection data cor-
responding to metallic objects and replaces the data to a consistent value. This method is
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(a) Projection data of the sample at cutting plane 1.

(b) Reconstructed image of the sample.

Fig. 2 Projection data and reconstructed image of the sample.

(a) r = 90◦

(b) r = 180◦

Fig. 3 Profiles of the X-ray attenuation (original.)
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Fig. 4 Histogram of the X-ray attenuation.

Fig. 5 Profile of the X-ray attenuation (Step 1.)

composed of the following five steps:
Step 1. Rough extraction of the metal regions from the projection data.
Step 2. Determination of the metal regions.
Step 3. Computation of the cross-sectional shapes of the metallic objects.
Step 4. Calculation of the numerical projection data of the metal shape.
Step 5. Synthesis of the measured and numerical projection data.
A detailed description of the method is described below using the profile of the projection data
at r = 90◦.

Step 1: Rough extraction of the metal regions: We initially extract the region where
the x-ray transmits high-density materials from the projection data using a threshold. The
threshold value is determined from a histogram of the x-ray absorption. Figure 4 shows the
histogram of this example. The large frequencies at attenuation values lower than 0.8 indicate
x-ray transmissions of air or of an acrylic resin part. On the other hand, there are also large
frequencies at an attenuation value of about 2.5, which indicate x-ray transmissions of metallic
objects. That is, a threshold between 1.0 and 2.0 separates metallic objects from the rest. In
this case, we set 1.5 as the threshold, and we modified the x-ray attenuation to 0.0 where the
value is larger than the threshold. Figure 5 shows the computed result for this step. Although
we manually decided the threshold value in this study, we can use the automatic threshold
selection method reported by Otsu(11).

Step 2: Determination of the metal regions: The extracted data in the step 1 remains
in transitional regions, which depend on the threshold value. Then, we discriminate these
regions using derivative values of the projection data. We adopt the two following derivatives
in consideration of measurement noises:

D1 = | f (d + 1, r) − f (d, r)| (1)

D2 = | f (d + 1, r) − f (d − 1, r)| (2)

Here, f (d, r) is projection data at x-ray detector number d and rotation angle r. We determine
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Fig. 6 Profile of the X-ray attenuation (Step 2.)

Fig. 7 Extraction of the shape of the steel shafts.

metal regions with larger D1 and D2 than each average value. Figure 6 shows the result of this
step.

Step 3: Computation of the cross-sectional shapes: The modified projection data
in steps 1 and 2 is provided to the back projection and a cross-sectional image is computed.
Because the metal regions in the projection data are set to zero in the previous steps, the pixels
corresponding to metallic objects also indicate zero in the image. Thus, we can easily extract
the shapes and locations of the metallic objects in the image. Figure 7(a) shows the obtained
image in this step, and Fig.7(b) shows the extracted shapes of the metallic objects from the
image.

Step 4: Calculation of the numerical projection data: A forward projection is applied
to the computed image of the shapes of the metallic objects obtained in the step 3. This is
equivalent to numerical x-ray radiation of the metallic objects. In the forward projection,
we can configure the lower x-ray attenuation coefficient µ to the metal region compared to
the actual coefficient. In order to adjust the x-ray attenuation by the metal region to a value
comparable in magnitude to it by the resin region, we set µ = 0.01 as the coefficient of the
metallic object. Figure 8 shows the numerical projection data of the metal region shown in
Fig.7(b). Because the configured coefficient µ of the metal region is one of the important
parameters affecting the accuracy of the reconstructed images, it is preferable to select the
appropriate value according to the complexities or materials of the objects. However, the
proposed method seems to be robust for the coefficient µ because the cause of the metal
artifacts is inconsistent in the projection data, but the proposed method computes consistent
data regardless of µ. Our future study will quantitatively evaluate the relationship between the
coefficient µ and the accuracy of the image.

Step 5: Synthesis of the measured and numerical data: This step synthesizes the
projection data modified in the steps 1, 2, and the computed projection data in the step 4.
Initially the metal regions in the modified projection data are linear interpolated as shown in
Fig.9. Then the computed projection data (Fig.8) are added up to the data. Figure 10 shows
rectified projection data. Because this projection data indicate an almost ideal attenuation, the
data are anticipated to reconstruct a cross-sectional image without metal artifacts.
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Fig. 8 Profile of the X-ray attenuation (Step 4.)

Fig. 9 Profile of the X-ray attenuation (Step 5.)

(a) r = 90◦

(b) r = 180◦

Fig. 10 Profile of the X-ray attenuation (revised.)
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Fig. 11 Reconstructed images of the sample.

Fig. 12 Reconstructed images of the sample.

4. Reconstructed CT images and accuracy evaluation

The proposed method was applied to cutting plane 1 of the sample shown in Fig.1. Fig-
ure 11 presents the reconstructed image of the revised projection data. In this research, we
employed an industrial x-ray CT scanner, so the brightness of each pixel does not indicate the
Hounsfield unit as mentioned above. Then, the brightness of Fig.11 was adjusted to be almost
same as the original image (Fig.2(b)) in the resin region. The reconstructed image based on
the original projection data had heavy metal artifacts as shown in Fig.2(b). On the contrary, the
reconstructed image using the proposed method had few metal artifacts, as shown in Fig.11.
Consequently, the states of the resin part are easily observed.

Next, we applied the method to cutting plane 2 of the sample. In this plane, the sample
had a small hole at the center. Figure 12(a) shows the reconstructed image using the original
projection data, while Fig.12(b) shows the image based on the revised data. The image using
the original data had artifacts similar to Fig.2(b), the pixel values in the region between the two
shafts were comparable to that of the air. It is impossible to inspect the region with this image.
On the other hand, the proposed method reconstructed an accurate image, which enabled the
hole between the shafts to be observed. This suggests that the proposed method is efficient as
a non-destructive inspection technique such as void detection in the manufacturing process or
damage analysis in fatigue testing.

Finally, to evaluate the efficiency for practical use, the method was applied to an elec-
trical connector with three terminal pins, which is shown in Fig.13. In this case, x-rays for
scanning were provided as the source with a tube voltage = 50 kV and a tube current = 110µA.
The remaining scanning conditions were the same as those of the previous specimen. Figure
14 depicts the reconstructed images. The image based on the original projection data had
metal artifacts, and it is hard to discriminate the shape of resin around the terminal pins as
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Fig. 13 Connector for CT imaging and its projection data.

Fig. 14 Reconstructed images of the connector.

shown in Fig.14(a). A few artifacts remained in the revised projection. Nevertheless, the
states of the resin can be adequately observed, as shown in Fig.14(b). This reveals that the
proposed method is quite effective for inspecting the fatigue condition of the connector, which
is repeatedly inserted and removed.

5. Discussion

As mentioned above, the proposed method substantially reduces the metal artifacts and
computes precise CT images. However, we may have deformed the shapes of the metallic
parts when the scanning object has a more complex structure than the samples above men-
tioned. For example, the method was applied to a sample with nine steel pegs in an acrylic
column as shown in Fig.15(a). The metal artifacts in the image using the original projection
data (Fig.15(b)) were almost reduced by the method as shown in Fig.15(c). However, the
shapes of the pegs were deformed to polygonal shapes in the image despite their inherent
cylindrical shapes. Hence, the proposed method must be further improved.

The phenomenon is because the method uses simple thresholding and converts the pro-
jection data to zero in the region where the x-ray transmits the metallic objects. The modified
projection data, which is used to compute the shapes of metallic objects, still has inconsis-
tencies and thus, induces an improper reconstruction. Although we used the value of zero in
this study, it is possible to calculate consistent values by considering all the projection data
for multiple angles. Further research on this point should improve the method so that metal
artifacts are reduced and so that the shapes of metallic objects are accurately reconstructed.

6. Conclusion

In this paper, we propose a CT image reconstruction algorithm to reduce metal artifacts
so that the CT imaging technique can be more widely applied to the non-destructive inspection
of devices. The algorithm is based on a direct signal conversion technique of the projection
data, which is generally processed only in the CT scanner. We applied the algorithm to two
specimens, and revealed the efficiency of the algorithm to reduce the artifacts. Our study
indicates that this method is useful for the non-destructive inspection of devices that consist
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Fig. 15 Reconstructed images of a new sample.

of resins and metals, like electrical connectors.
However, as mentioned in the previous chapter, this method has a poorer performance

according to the scanning object; that is, it is difficult to accurately compute the shapes of the
metallic parts when an object has a complex structure. Hence, we are further investigating
the extraction technique of the metal region in order to improve the practical utility of this
method.
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