
6th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2016) 

www.3dct.at  1 

Multi-Material 3D Shape Reconstruction using Dual-Energy CT Imaging 

Mitsuru Negishi1, Yutaka Ohtake1, Hiromasa Suzuki1, Yukie Nagai1 

1The University of Tokyo 
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 

e-mail: {negishi, ohtake, suzuki, yukie}@den.t.u-tokyo.ac.jp 

Abstract 
Dual-energy X-ray computed tomography (XCT) imaging has various advantages over standard XCT, including improved image 
quality and elemental identification. Therefore, this technique has been studied not only in the medical field, where XCT is used 
for diagnosis, but also in industrial applications. We propose an approach to reconstruct industrial multi-material 3D objects 
using dual-energy imaging. We disaggregate XCT projections made up of multiple materials into separate projections for each 
material. This offers an advantage that the results do not provide double boundaries, which is a well-known limitation of 
computed tomography (CT) volume-based material segmentation. Experimental results show that, in simulation, the proposed 
algorithm can generate multi-material polygon meshes with sub-voxel precision. 
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1 Introduction 
In industrial X-ray computed tomography (XCT) applications, scanned objects often comprise multiple materials. Clearly 
segmenting or differentiating multi-material computed tomography (CT) data into each material is problematic because of the 
physical properties of X-rays and the basic principles behind XCT scans. 
Many previous studies have investigated material segmentation or differentiation for XCT. Most of these studies separate the 
CT volume into different materials by image-processing methods because the CT values of different materials are distinct. 
Therefore, the simplest method is thresholding. However, in the process of reconstructing computation, image blur occurs, which 
causes double boundaries in the separated CT volumes (Figure 1). 
In the medical field, dual-energy imaging has been studied extensively [1]. Because of the variations in the energy-dependence 
properties of X-rays, iterative projections from different X-ray energies or sources confer various advantages compared to the 
standard use of XCT, such as improved image quality, elemental identification, and material differentiation. In this study, we 
have applied the medical approach to industrial XCT for material separation on X-ray projections. The basic idea has been 
described in a previous study by Alvarez and Macovski [2]. There are allied studies for material characterization on industrial 
X-ray projections [3], but we conducted not only material separation but also shape extraction for multi-material objects. 
There are two significant differences between medical XCT and industrial XCT. First, medical XCT equipment typically provide 
wide-ranging information primarily because the image target material is usually well known, e.g., human bodies. In addition, the 
energy distribution of X-ray is often given, which can be used to obtain correct images. Second, the ultimate purpose of medical 
XCT is often image diagnosis. In other words, material separation in XCT is only expected to support doctors' judgements; 
doctors make the final diagnosis. However, dimensional measurement of industrial products requires highly accurate 3D shapes 
represented as polygon meshes; thus, in industrial applications, rigid projection segmentation is required.  

2 Dual-energy CT Imaging 
When X-rays pass through an object composed of a single material, the attenuation of the X-rays can be calculated by the 
Lambert–Beer law. The attenuated intensity 荊 is expressed as follows. 
 荊 = 荊待 ∫ �岫継岻exp 峭− ∫ �岫継岻穴�� 嶌 穴継�  (1) 

    
(a) Resin and Al component (b) CT image (c) Image blur in CT value profile (d) Double boundary 
Figure 1: (a) resin and aluminum (Al) component, (b) cross section of the CT volume of (a), (c) CT values plotted along the yellow arrow 
shown in (b), (d) cross section of the resin separated by thresholding with two values represented by the red and blue lines in (c) 
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Here, 荊待 is the initial intensity, �岫継岻 is the attenuation coefficient, which depends on the X-ray energies and materials, 詣 is the 
transmission length, and �岫継岻 is the distribution of the X-ray energy with photon energy 継. The projection value 喧 is defined 
as 
 喧 = − ln岫荊 荊待⁄ 岻 . (2) 

This equation gives a linear relation between the projection value 喧 and the transmission length 詣 if the energy distribution �岫継岻 
has a single impulse, i.e., the X-rays are monochromatic. However, the X-rays used in practical XCT machines are polychromatic. 
For simplicity, we assume this linear relation. When X-rays with two different tube voltages pass through an object composed 
of two different materials, the projection values 喧{怠,態}  are given by Equation (3), where the attenuation coefficients and 

transmission lengths of each material are defined as �凋{怠,態}, �喋{怠,態}, 詣凋, and 詣喋. 
 (喧怠喧態) = 峭�凋怠 �喋怠�凋態 �喋態 嶌 (詣凋詣喋) (3) 

Here, superscripts 1 and 2 are associated with low- and high-energy X-ray projections, respectively. 
The pixel values of the projections are projection values 喧{怠,態}, and the voxel values of the CT volumes can be handled as 

equivalents of attenuation coefficients �{凋,喋}{怠,態} . Therefore, we can regard Equation (3) as a linear equation for 詣凋 and 詣喋. If we can 
solve this equation, two projection values can be converted to the transmission lengths of two materials. To confirm this concept, 

the non-linearity of the energy dependence of the ratio of attenuation coefficients �凋{怠,態} and �喋{怠,態} is required. In other words, if 

the ratio of attenuation coefficients �凋{怠,態} and �喋{怠,態}changes linearly with the change of X-ray tube voltage, two lines representing 
the projection values 喧{怠,態} do not cross in the solution space with 詣凋 and 詣喋, and Equation (3) cannot be solved. We determined 
two X-ray tube voltages experimentally and checked this non-linearity (�凋怠 �喋態 − �凋態�喋怠 ≠ 0) by examining CT volumes obtained 
from various pairs of X-ray energies. 

3 Method 

3.1 Overview 
First, we present an overview of the proposed method. The data processing flow is as follows: 

1. Project X-rays with two different energies and experimentally determined X-ray tube voltages onto an object composed 
of two different materials from the same trajectory (Section 2). 

2. Segment the projections to determine the material-overwrapped regions (Subsection 3.2). 
3. Solve a large system of linear equations in the least squares sense and generate two separated projections using the 

segmented projection (Subsection 3.3). 
4. Reconstruct the separated projections into CT volumes and composite them into a dual-channel volume (Subsection 3.4). 
5. Extract 3D shapes as polygon meshes from the dual-channel CT volume (Subsection 3.4). 

 We evaluated meshes obtained by the proposed method qualitatively and quantitatively using inspection software, i.e., the 
Geomagic Verify Viewer [9]. Figure 2 shows the flow of the proposed method. 

 3.2 Projection Segmentation 
Without solving Equation (3), we can determine part of 詣凋 and 詣喋 using the nonlinearity of the projection value mentioned above. 
We defined an evaluation value 血 as follows.  

          
Figure 2: Data processing flow 
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 血 = 喧態 喧怠⁄ = �凋態詣凋 + �喋態 詣喋�凋怠 詣凋 + �喋怠 詣喋 (4) 

When X-rays transmit one or both materials, 血 satisfies the following formula due to the nonlinearity: 
 �凋態�凋怠 ≤ 血 ≤ �喋態�喋怠  峭剣堅 �喋態�喋怠 ≤ 血 ≤ �凋態�凋怠 嶌, (5) 

where the equality is attained if and only if 詣凋 or 詣喋 = 0. 
Using Equation (5), we can determine a small part of 詣凋 and 詣喋 as follows.  If 喧怠 �券穴 喧態 < ��堅_建ℎ堅結嫌ℎ剣健穴, 詣凋 �券穴 詣喋 = 0.  Otherwise, if  | 血 − �凋態 �凋怠⁄ 岫剣堅 �喋態 �喋怠⁄ 岻| < 建ℎ堅結嫌ℎ剣健穴, 詣喋  岫剣堅 詣凋岻 = 0.  Otherwise, 詣凋 and 詣喋 are still unknown. 
We applied this thresholding described above to the projection representing the evaluation value 血 (Figure 2 (c)). We can say it 
as a rough labeling. However, large parts of 詣凋 and 詣喋 are not labeled at this point. Then, we use the predetermined 詣凋 (or 詣喋) 
as seeds for label propagation. Due to beam hardening, the 血 values do not strictly satisfy Equation (5). We then propagate labels 
in the direction of their boundaries with the air and generate a completely labeled projection. We refer to this labeled projection 
as a segmented projection (Figure 3 (d)).  

3.3 Material Separation 
Using the three projections, i.e., two projections from two different X-ray tube voltages and a segmented projection, we generate 
two separated projections. To add a noise robust extension to the proposed method, we solve the optimization problem with a 
local objective function 蛍岫靴岻, which is expressed as follows: 
 蛍岫靴岻 = ‖轡靴 − �‖態 + 潔 ∑‖靴 − 靴�‖態4

�=怠 , (6) 

where 轡 = 峭�凋怠 �喋怠�凋態 �喋態 嶌, 靴 = (詣凋詣喋), � = (喧怠喧態), 潔 is a constant, and 靴� is the transmission lengths of the adjacent pixels. 

The first term, which minimizes the residual of the solutions, is derived from Equation (3), and the second term is a smoothing 
term that reduces the differences between adjacent pixels. 蛍岫靴岻  is a quadratic function of 靴  and, when 蛍岫靴岻  becomes the 
minimum, the following equations are satisfied. 
  �蛍岫靴岻�詣{凋,喋} = 0 (7) 

In these equations, 靴 and 靴�  are unknowns. We define the summation of Equation (7) for all pixels of a projection image 
(∑ {�蛍岫靴�岻 �詣{凋,喋}�⁄ }� = � 岫倦: 喧��結健 荊経岻) as a large system of linear equations. In the case of a projection image consisting of � × 茎 pixels, we obtain the system of linear equations as a 岫� × 茎 × 2岻 × 岫� × 茎岻 sparse matrix. We compute an optimal 
solution from this system of linear equations using the biconjugate gradient stabilized method and use the solution obtained when 
c is set to 0 as the initial solution. We use Eigen [4], a C++ template library for linear algebra, for the computation. Solving the 
system of linear equations in the least squares sense, we obtain two projection-like image sets whose pixel values represent the 
transmission lengths of the corresponding materials. We refer to this image set as the separated projection. 

3.4 Reconstruction and Shape Extraction 
After generating two separated projections, we reconstruct the projections as two CT volumes containing only each 
corresponding materials. We use Feldkamp method [5] as the reconstruction algorithm and composite the CT volumes into a 
dual-channel CT volume (Figure 4 (a)). A dual-channel CT volume is a type of multi-channel volume data with two channels 
per voxel. When X-rays are monochromatic, we can expect that voxels with no material are 0 for both channels, voxels containing 
one material are 1 for the corresponding channel and 0 for the other channel, and voxels containing two materials, which may 

    
(a) 喧怠 (b) 喧態 (c) 血 (d) Segmented projection 

Figure 3: Projection segmentation on a cylindrical component (see Figure 5 (b)). (a) and (b) projections from low and high energies, 
respectively, (c) projection-like image set whose pixel values represent 血, (d) segmented projection (white represents overlapped area, cyan 
and yellow indicate that either transmission length is 0. 
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be material boundaries, are 0 to 1 for both channels. However, due to CT artifacts, this expectation is not clearly established for 
the computational results of our method. 
To measure or evaluate the XCT data of objects, we must generate polygon meshes from CT volumes. To compute reasonable 
boundaries between different materials or air, we use the dual-contouring method [6], an extended version of the marching cubes 
method [7], for shape extraction from the dual-channel CT volume (Figure 4). Before applying this method to the original dual-
channel CT volume, we mark the voxels in order to distinguish which grid vertices are included in the material or air regions. 
We mark the voxels according to the following simple rules.   If 詣凋 �券穴 詣喋 < 0.5, the vertex is marked as Air .  If 詣凋 > 詣喋, the vertex is marked as Material A.  Otherwise, 詣凋 < 詣喋; thus, the vertex is marked as Material B. 
Then, we obtain the tri-labeled CT volume and assign these labels to the corresponding grid vertices (Figure 4 (b)). By computing 
the boundaries between grids with different labels by linear interpolation of the corresponding values of each channel, we 
generate two polygon meshes (Figure 4 (c)). 

3 Results and Discussion 

3.1 Results 
Using an X-ray scanning simulator (Scorpius XLab [8], Fraunhofer) and an industrial XCT scanner (METROTOM 1500, Carl 
Zeiss, with an attached flat panel detector 4096 × 4096 mm), we evaluated the proposed method by comparing the results from 
simulation data with the nominal dimensions and results from real objects with dimensions measured by a Vernier caliper 
(minimum scale value 50 �m). We applied the proposed method to many dual-material samples, including both simulation data 
(simple CAD models) and real objects. Figure 5 shows three dual-material samples described in this paper. Two samples were 
derived from simulation data, and the other is a real object. Based on the actual XCT machine, we set almost the same conditions 

 
  

(a) Dual-channel 2D image (b) Marking voxels and setting grids (c) Mesh generation 
Figure 4: Abstract of shape extraction in a dual-channel 2D image. (a) example of a dual-channel 2D image (cyan and yellow represent 
corresponding channels), (b) marking process (white represents air markers), and (c) process of computing boundaries (mesh vertices) and 
generating surfaces (magenta dots represent mesh vertices) 
 

   
Magnification 5.06 
Voltage [kV] 100 225 
Prefilter [mm] Cu 0.10 Cu 0.50 

 

Magnification 5.06 
Voltage [kV] 100 225 
Prefilter [mm] Cu 0.10 Cu 0.50 

 

Magnification 4.27 
Voltage [kV] 130 225 
Prefilter [mm] Cu 0.25 Cu 0.50 

 

(a) Sample A (b) Sample B (c) Sample C 
Figure 5: Samples used in this study. (a) cubic component (cyan represents resin, yellow represents aluminum (Al)), (b) cylindrical 
component (magenta represents styrene-butadiene rubber (SBR), yellow represents Al , and (c) a physical object composed of resin and Al  
machined with high precision. Note that (a) and (b) are simulation data. 
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for the simulation. Although the original detector pixel size of the XCT scanner was 0.2 mm × 0.2 mm, we binned 4x4 pixels to 
denoise. Thus, the sample data pixel size was 0.8 mm on a side. To simplify, we refer to the extracted mesh corresponding to 
materialX as materialX mesh in the following. We used Geomagic Verify Viewer [9], an inspection software for 3D data, to 
evaluate the results quantitatively. 
Figure 6 (a, b) shows the results for Sample A, a cubic model composed of resin and aluminum (Al). Resin mesh does not have 
problematic double boundaries. The quantitative evaluation of the results shown in Figure 6 are presented in Table 1. The 
distances between the corresponding plane fits (best fit) are replaced by the dimensions of the extracted meshes. The voxel size 
of the reconstructed CT volumes is 0.16 mm ×  0.16 mm ×  0.16 mm This size is simply calculated as ���結健 嫌��結 剣血 嫌�券剣訣堅�兼 警�訣券�血�潔�建�剣券⁄ . The resin mesh is swollen in the direction of the x- and y-axis. The Al mesh and 
resin mesh have sub-voxel precision only in the z-axis direction. 
Figure 6 (c, d) shows the results for Sample B, a cylindrical model composed of styrene-butadiene rubber (SBR) and Al . The 
SBR mesh does not have problematic double boundaries. In Table 1, the radii and heights of the meshes are the radius of the 
cylinder fits (best fit) and the distances between the top and bottom plane fits (best fit), respectively. The voxel size of the 
reconstructed CT volumes is 0.16 mm × 0.16 mm × 0.16 mm on a side. Therefore, all measured radii have sub-voxel precision. 
Figure 6 (e, f) shows manifold boundaries, where two materials and the air intersect, in the composite meshes and the CT volumes 
of Sample A and B, respectively. These CT volumes were binalized by a threshold (0.5) in both channels. It can be seen that 
manifold boundaries were not correctly reconstructed. Compared with each original shape, both meshes are partially protruded 
or depressed. The protrusion is in the parallel direction, and the depression is in the perpendicular direction to the axis of rotation 
(z-axis). 
Figure 7 (a-c) shows the results for Sample C, a real component containing resin and Al . Compared to the simulation samples, 
this sample has stronger beam hardening and noise. As can be seen, we did not achieve accurate material separation as we can 
practically use these meshes for 3D measurement. There are significant artifacts in the resin mesh. Although the Al mesh is 
nearly a correct shape, some parts of the Al mesh are extracted as resin mesh due to projection segmentation errors in the part 
that contacted a jig (styrene foam). Tentatively, we show the quantitative evaluation results (Table 2 and Figure 7 (d)). The radius 
of the resin mesh is measured as the radius of the cylinder fits (best fit), and others are replaced by the distances between the 
corresponding plane fits. The voxel size of the reconstructed CT volumes is 0.19 mm × 0.19 mm × 0.19 mm. Coincidentally, 
several measured dimensions have sub-voxel precision. 

3.2 Discussion 
The simulation experiments were reasonably successful; however, in the real-object experiment, the artifacts made it difficult to 
use the results to measure the dimensions accurately. In the dual-channel CT volume, the artifacts shown in Figure 7 (c) are 
represented in Figure 8 (a). They are identical to the double boundaries. We considered the following factors. 

 

 

  
(a) Resin (Sample A) (b) Al (Sample A) (c) SBR (Sample B) (d) Al (Sample B) 

  
(e) Manifold boundary (Sample A) (f) Manifold boundary (Sample B) 

Figure 6: Results of simulation experiments 

[mm] x y z 

Resin 
Nominal 30.00 30.00 30.00 

Mesh 30.71 30.71 30.05 

Al  
Nominal 15.00 15.00 15.00 

Mesh 15.06 15.10 15.06 
 

[mm] ∅�津 ∅墜通痛 height 

SBR 
Nominal 8.00 20.00 50.00 

Mesh 8.07 20.08 50.23 

Al  
Nominal 8.00 - 70.00 

Mesh 8.06 - 70.36 
 

Table 1: Quantitative evaluation of the results shown in Figure 6. 
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1. There were significant differences between our assumption in Equation (5) and the actual projection values around the 
edges of the materials (See Figure 8 (b, c), projection window, Sample C). The 血 value on the boundary of the resin and 
the overlapped regions are greater than the 血 value of the resin even though material segmentation is correctly operated 
in this window. This trivial difference may affect the results. 

2. As mentioned previously, there were some projection segmentation errors (See Figure 8 (d), segmented projection 
window, Sample C). This is probably due to the same reason described above, projection segmentation were sometimes 
incorrectly operated in the experiments. 

3. There may be other differences between the simulations and the experiments of real objects.  

3.3 Limitation 
The proposed method is limited to resin and metal components. Resins contain hydrogen. Its energy dependency of � is very 
different to that of metal. Therefore, the nonlinearity (Section 2.1) is well satisfied. 
However, it is difficult to apply the proposed method to components composed of two different metals. Among metals commonly 
used in industry, such as Al , steel, and copper, the energy dependency of � is not significantly different, and the nonlinearity 
required in the proposed method is not guaranteed. 

4 Conclusion 
We have applied medical approaches of dual-energy imaging to material separation on industrial XCT projections and 
demonstrated the potential of this approach. However, the proposed method has many issues and limitations, for example, the 
success or failure of critical separation and lower precision in the results than previous methods. Thus, we will continue to 
develop this method for industrial XCT. 
In future, we plan to improve the proposed method so that projection conditions are optimized automatically for material 
separation by referring to prior information, for example, X-ray attenuation data and specimen CAD data (if available). If we 
can use the CAD data of samples, we can likely determine the orientation of the sample in XCT projection so that the maximum 
transmission length is shortest in any other orientation, and we would be able to reduce the negative effects of beam hardening. 
Hubbel et al. surveyed mass attenuation coefficients for elements Z = 1 to 92 [10]. If we can know the composition formula of 
each material in the sample, we may be able to optimize a pair of X-ray tube voltages for the proposed method. However, because 
the X-ray sources in each scanner have unique characteristics, we could not apply this concept in a straightforward manner. 

   

 

(a) Resin (Sample C) (b) Al (Sample C) (c) Artifacts (d) Measurement 
Figure 7: Experimental results using a real object 

 

[mm] ∅ h 

Resin 
Nominal 30.00 50.00 

Mesh 29.98 51.74 
 

[mm] a b c d e 

Al  
Nominal 50.00 50.00 10.00 30.00 30.00 

Mesh 50.19 50.20 10.09 30.02 30.05 
 

Table 2: Quantitative evaluation of the results shown in Figure 7 

    
(a) Dual-channel CT volume (b) 血 around edges (c) Segmentation around edges (d) Mis-segmentation 

Figure 8: Discussion 
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