
 

 

 

 

X CT

 
 

Forensic applications of X-ray micro-computed 

tomography for analyzing fragmented samples 

 

 

 

 

 

2023 3  

 

 
  



 



 
 

1  ....................................................................................................................................... 1 
1.1.  ............................................................................................ 1 
1.2.  ................................................................................................................. 3 

1.2.1.  .............................................................................................................................. 3 
1.2.2.  .................................................................................................................................. 4 
1.2.3.  .............................................................................................................................. 4 

1.3. X CT (computed tomography)  .................................................................................... 8 
1.3.1. X CT  .............................................................................. 8 
1.3.2. X CT X  ...... 12 
1.3.3. X CT  ............................................................................................ 13 
1.3.4. X CT  ....................................................................... 15 

1.4.  ....................................................................................................................... 17 
1.5. 1  .................................................................................. 19 

1.5.1. 1  ............................................................................................................ 19 
1.5.2.  ................................................................................................................ 19 

 
2 X CT  ........................................................................ 21 

2.1. X CT  ........................................................................................................ 21 
2.2.1.  3D X  nano3DX ............................................................ 21 
2.1.2.  ................................................................................................................................ 25 
2.1.3.  ................................................................................... 26 
2.1.4. 2.1  .............................................................................................................. 29 

2.2.  ............................................................................................................... 30 
2.2.1.  ....................................................................................... 30 
2.2.2.  ........................................................................................................ 32 
2.2.3.  ................................................................................................................................ 35 
2.2.4. X CT  ....................................................................... 35 
2.2.5.  ............................................................................................... 38 
2.2.6. 2.2  .............................................................................................................. 39 

2.3. 2  ................................................................................................................... 40 
 

3  .................................................................................................... 41 
3.1.  ............................................................................................................................... 41 
3.2.  ....................................................................................................................................... 41 



3.3. CT ........................................................................................................ 43 
3.4.  .............................................................................. 45 
3.5. CT  ........................................... 47 

3.5.1.  ............................................................................................... 47 
3.5.2.  ....................................................................... 50 

3.6.  ....................................................................................................... 52 
3.7. 3  ................................................................................................................... 54 

 
4  ............................................................................................................. 55 

4.1.  ............................................................................................................................... 55 
4.2.  ....................................................................................................................................... 55 
4.3. 1  ........................................................................... 57 
4.4.  ...................................................................... 61 
4.5.  .......................................................................... 63 
4.6.  ...................................................................... 66 
4.7. 4  ................................................................................................................... 68 

 
5  ..................................................................................................................................... 69 

5.1.  ................................................................................................................... 69 
5.2.  ........................................................................................................................... 70 

 
 (Acknowledgements) ............................................................................................................... 71 

 
 ............................................................................................................................................. 73 

 
 ...................................................................................................................................................... 81 

A. ImageJ Fiji  ............................................................................................. 81 
A.1.  .............................................................................................................. 82 
A.2.  .......................................................................................................... 84 
A.3.  .............................................................................................................. 85 
A.4. 2  ....................................................................................................................... 86 
A.5.  .................................................................................................................. 87 
A.6.  .................................................................................................................................. 88 

B. .................................................................................................................................. 89 
B.1.  .......................................................................................................................... 89 
B.2.  ...................................................................................................... 89 

 



1 
 

1  
 

1.1.  
 

Locard 1928 "Every contact 

leaves a trace ."  (Locard’s exchange principle)   

[1]

 

 (forensic science) 

1  [2] [3]
 [4]

 [5]

1  [6]

 [7]  

 [3]

 

 
1  

2  
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1

DNA
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1.2.  
 

 

 

1.2.1.  

 

 

 [3] [8] [9] [10] [11]  

1mm

 

 (refractive index: RI) 2 3

4

5×10-5

3×10-4  [12] [13] 1 2×10-5 2×10-4  [14] 

GRIM3  Foster and 

Freeman

 [15]

40 90℃

0.01℃  

Si Na Ca Mg Al K 6

 (inductively coupled plasma mass spectrometry: ICP -MS) 

X  (synchrotron radiation X-ray fluorescence 
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spectrometry: SR-XRF) ICP-MS

10mg

SR-XRF

 

 

1.2.2.  

 

 [3]

 

 [3] [8] [9] [10] [11] [16] [17] 

Fourier  (Fourier transform 

infrared spectroscopy: FT-IR) 

 

 [3]

X  (scanning electron microscopy and energy -dispersive 

X-ray spectroscopy: SEM/EDX, SEM/EDS)  

 [18] [19] [20]  

 

1.2.3.  

 

 

20μm

 [3] [21]  

 [3] [21]
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 (Federal Bureau of Investigation: FBI) Scientific 

Working Group for Materials Analysis (SWGMAT) Fiber Subgroup 

 (European Network of Forensic Science Institute: ENFSI) 

 The European Textile and Hair Group

 [22]  [23] 

1

 [24]

3

3

 [8] [9] [25] [26] [27] [28] [29] [30] [31]  

 [3] [21] [22] [24] [25] [29] [31]

 [32] [33]

 (aperture ratio) 1  [32] 

40%

 

[34] [35] [36] [37]

Kirkbride  [38] Tedesco  [39]  (confocal laser 

scanning microscopy: CLSM) 

CLSM

CLSM

 

 (microspectrophotometry: MSP)  [3] 

[21] [22] [24] [25] [26] [28] [29] [31]

 
1  (hol lowness)  (porosi ty)   
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240 760nm 340 760nm

UV

 

Fourier (Fourier transform 

infrared spectroscopy: FT-IR)  [3] [21] [22] [24] [25] [26] [29] 

[31] [40] nylon

 (polyamide: PA) 6 6,6 (acrylic) 

modacrylic 1  [41]

FT-IR  [42]

FT-IR 10μm 100μm

FT-IR IR

FT-IR Raman

 [3] [21] [22] [25] [26] [29] [31] [43]  

3

 

 (thin-layer chromatography: 

TLC)  (high performance liquid chromatography: 

HPLC)  [3] [21] [22] [25] [27] [29] [30] [31] [44] [45] 

[46] [47]  

SEM/EDX

 [3] [21] [22] [25] [29] [31]  [37]  [48] Sengoku [49] 

X (total reflection X-ray fluorescence spectrometry: TXRF) 

X  (SR microbeam X-ray 

fluorescence: SR-μ-XRF) 

 [50] [51]  [52]  [53] 

X  (small 

angle X-ray scattering: SAXS) X  (wide angle X-ray 

scattering: WAXS)  

 
1  85% 35 85%
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2 FT-IR

 (pyrolysis gas chromatography mass spectrometer: Py -GC/MS) 

 [3] [21] [22] [25] [27] [29] [31] [54]  
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1.3. X CT (computed tomography)  
 

X CT

 

(CLSM) X CT

 

X CT X CT

X CT X CT

 

 

1.3.1. X CT  

 

X CT  [55] [56] 1

1973 Hounsfield  [57] 1982

Elliot X X 15μm

 [58] X CT

X CT X CT

X CT X

1  [55]

 (FOV) 500 1000 1

μm mm FOV

1984 Thompson

Stanford  (Stanford Synchrotron Radiation 

Lightsource: SSRL) X CT

1mm  [59] X

CT 100nm μm  

 

 1 X CT X  [55] 

 X   

X CT 40 60keV 0.1 1mm 

X CT  1MeV 0.1 1mm 

X CT 100keV 0.1 10μm 
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X I

I0 X t

Lambert-Beer  

        (1) 
μ  (linear absorption coefficient cm-1) (1)

I0  

       (2) 

T X  (transmittance) lnT

 (optical density: OD) μ μ t

X CT

p 1 X

1 t θ

I(t , θ) p(t , θ) 

 [55] 2

θ  

 

 
 1 X 1

t θ I(t , θ) 

p(t , θ)  [55] 
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CT p(r , θ) μ(x , y) 

μ(x , y) p(r , θ) 

Radon  

  (3) 

 (x , y) Radon

1963 Cormak

Cormak Hounsfield 1979

 

X CT  (filtered 

back projection: FBP) 2 FBP

projection theorem Fourier

 [55] [60] X

1 θ

p(r , θ) 1 Fourier θ 1

Fourier P(ω, θ) ω P(ω, θ) 

θ 2 Fourier  F(ωcosθ, ωsinθ) F(ωcosθ, ωsinθ) 

2 Fourier μ(x , y) 

P(ω, θ) 

 |ω |   
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 2  [55, 60] 

 

X

 (field of view: FOV) Fourier

3

 [56] (a) (b) FOV (b) A

B FOV (a) FOV

(c) (d)

(e)

(f) C D
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 3  [56]  (a)(b)   

(c)(d)   

(e)   

(f)   

 

1.3.2. X CT X  

 

X

4  [55] X CT

X CT

X  (focus-to-image receptor distance: 

FID1) X  (focus-to-object distance: 

FOD2) FID/FOD X

0° 180°  

 

 
1 source-to-image dis tance:  SID  
2 source-to-object  dis tance:  SOD  
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 4 X  [55]  (a)  

(b)  

 

X

CT  [61] [62] [63] [64] [65]

330nm  

 

1.3.3. X CT  

 

CT 1 μ

CT μ

16bit CT

 (CT value) X CT 1000 0

+1000 Hounsfield  (Hounsfield Unit: HU) 

X CT CT

OD

 

μ Z X E

 [66] [67] [68] [69]  

       (4) 

A NA Avogadro a Klein-Nishina E

 
1  2 pixel 3 voxel  
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 [70] b 9.8×102 4  

μ ρ (5)  (mass absorption 

coefficient: μm cm2/g) (6) Victoreen  [71]

 

       (5) 

      (6) 

C D Z C

1.22 D 0.0142 [71] Z/A 0.4995 σKN

Klein (6) 3

σKNNA 8.3keV 0.391cm2 7.8keV

0.392cm2  [71]   

 

       (7) 

i xi μm

 [72] (6)

10keV X % 1keV

X 2%   [73]  

X CT

μ

 

X μ X

(2) X

X X

X X

 (beam hardening) [74] [75]

X CT

 

[55]  

CT [66] [67] [68] [69] [75] [76] [77] [78]  [68] [79] 

 [66] [75]  [67] [69]  
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[68]  [76] [77] 10 mm 25 mm  

[78]  [79] 

X X CT

μm

 

 

1.3.4. X CT  

 

X CT 3

X CT

 [80] mm mm
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1.4.  
 

1

 

X CT

CT μm

X

X CT

CT

X CT μm

X CT

X CT

 

 

(1)  

 

X CT

CT

X CT

 

 

(2)  

 

μg μg

CT

X
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X

X CT
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1.5. 1  
 

1.5.1. 1  

 

1

1

 

X

X CT X

CT mm mm

μm X CT

CT CT

X CT

CT

 

X CT

 

 

 

1.5.2.  

 

2 X CT  

 

CT

X



20 
 

 

CT

CT

 

 

3  

 

X CT

2

 

 

4  

 

2

X CT

 

 

5  
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2 X CT  
 

X CT

CT X

 

CT

 

 

 

2.1. X CT  
 

2.2.1.  3D X  nano3DX 

 

X CT

nano3DX  [61] [62] [63] [64] [65] 1(a)

nano3DX (b)

 [61] 5 nano3DX CT X

φ70μm X

X

CMOS (complementary metal oxide 

semiconductor)  
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(a) 

 
(b) 

 
 1 (a)  nano3DX (b)   [61] 
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 5 nano3DX CT  

 

nano3DX

 (FOV) 

3

CT L1080

5mm XD 2mm

 (binning1) 1 continuous scan 180

1000 1 4 1 83

XD 2mm  1

voxel size  

 

 
1  1pixel voxel Binning 1 1 1

Binning 2 2 2 binning 3 3 3
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 3  [61] 

  [mm2] Voxel size [μm/pixel]  

L0270 0.66 × 0.66  0.33 

L0540 1.3 × 1.3  0.65 

L1080 2.7 × 2.7  1.3 

L2160 5.3 × 5.3  2.6 

L4320 10.6 × 10.6  5.2 

 

nano3DX Cr Cu Mo

X 4

 [61] [64] X CT

W 100keV

X nano3DX X

Cu 40kV 30mA  

 

 4  [61] [64] 

  

[kV] 

 

[mA] 

 

 

 X  

Cr  35 25 L0270  

1mm  

Cr Kα  (5.41keV) 

Cr Kβ  (5.95keV) 

X  

Cu  40 30 L0270 

L1080 

 

3mm  

Cu Kα  (8.05keV) 

Cu Kβ  (8.90keV) 

X  

Mo 50 24 L1080 

L2160 

 

15mm  

 

4mm  

Mo Kα  (17.48keV) 

Mo Kβ  (19.61keV) 

X  

W 60 20 L1080 

L2160 

 

 

X  

W Lα  (8.40keV)

W Lβ  (9.67keV) 
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TomoShop®

TomoShop® FBP

TFDK (Tent FDK) CFDK (Curved FDK)  [93] FDK  

[94] Feldkamp, Davis, Kress

CT

 [93]  Tomoshop®

16bit TIFF 8bit JPEG

voxel size des

CT  (volume rendering: 

VR)  

3

ImageJ [95] [96] [97] ImageJ Fiji  [98] [99] ver.2.9.0/1.53v

ImageJ Fiji

X CT

 

nano3DX X CT

X

1.3.1 (2) lnT t

T

 

 

2.1.2.  

 

12μm 6 X

X

FOV

FOV

1 40

4

100×100 pixel2
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 6 X  

 

2.1.3.  

 

7(a) 1 (b) (a)

92.2% 12μm Cu Kα X  

(8.05keV) 85.9%  [100] 

X

40keV X  
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(a) 

 
(b) 

 
 7(a) 1  

(b) (a) 100  
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8 −lnT t t 120μm

10 T 50%

8 (correlation 

coefficient) R R 0.990 40.28 cm-1

T 65% R R 0.992 Cu 

Kα X  [100]

8 126.5 cm-1

X

Cu Kα X

X

 

 

 
 8 −lnT t  

 

T 50% t

t 300μm t

X

40keV 40keV X
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1.46cm-1  [72] 1

99.8% 40 93.2% X

Cu Kα X X

1.3

T 50%

 

T 50%

X CT  

 

2.1.4. 2.1  

 

X CT

50%

Cu Kα X X

CT  
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2.2.  
 

CT

 

 

2.2.1.  

 

nano3DX PEEK (polyether ether 

ketone) PEEK

500μm Cu Kα X  (8.05keV) 47%

50% CT

 

9 M2

1mm 2mm 60μm 14mm

Kapton (polyimide: PI) Kapton

Cu Kα X 95.2%  [100]

M2 Kapton PEEK

2mm 2.13mm L1080

2.60×2.60mm2

Kapton  

 



31 
 

 
 9  
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2.2.2.  

 

1.1

CT

3

X CT  

1  (paraffin film 31μm) 

10(a) 1mm 14mm

 

 

(a) (b) 

  
 10 (a)   

(b)   

 



33 
 

2  (nylon string ) 

6 6,6 1 170μm

10(b) 14mm

14mm

Cu Kα X  (8.05keV) 

90.6%  [100]  

3 1.2.2

 [24] 

EX-G 11(a)

EX-G EX-G 110μm PET (polyethylene 

terephthalate) 125μm PET 40μm

2 PET

PET

PET EX-G

EX-G

6μm (polypropylene: PP) 

Cat No. 3377P5 11(b) EX-G

EX-G PP Kapton

1mm 1cm  
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(a) 

  
(b) 

 
 11 (a)  EX-G  

(b)  EX-G  

 

EX-G PP Kapton

77.9% EX-G 92.1%

EX-G Kapton

2 EX-G

2.2  
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2.2.3.  

 

nano3DX Cu L1080  1 XD 2mm

X CT continuous scan

180° 1 1 1000 1

20 8bit JPEG  

2

1 K8 1

F830 d  (denier)

9000m [g]

3d 2.5d 3

2mm Kapton

X CT  

 

2.2.4. X CT  

 

12(a) CT

(VR) (b) (a)

CT Kapton

(c)

(d)
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 12 (a)  CT VR  

(b)  (a) CT  

(c)  (b)  

(d)  (b)  

 

13(a) CT VR

(b) (a) CT

(c) (d)

Tomoshop®

19.5μm 1 22.1μm

299μm2 211μm2

85%

100%

1.184g/cm3 [101] 9000m

3.2d 2.3d
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 13 (a)  CT VR  

(b)  (a) CT  

(c)  (b)  

(d)  (b)  

 

14(a) CT VR

(b) (a) CT (c)

(d)

EX-G PP

(e) VR

EX-G

 

 



38 
 

  

  

 

 14 (a)  CT VR  

(b)  (a) CT  

(c)  (b)  

(d)  (b)  

(e) (a) VR (c)  

 

20μm μm

CT

 

 

2.2.5.  

 

3 CT
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5  

 

 5  

   

   

  

 

 

  

 

 

 

CT

 

EX-G PP

 

X CT  

 

2.2.6. 2.2  

 

Kapton X CT

3

20μm X CT

X CT  
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2.3. 2  
 

X CT nano3DX

nano3DX nm

X

X  

X CT

50%

Cu Kα X

X CT  

CT

Kapton

CT μm
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3  
 

3.1.  
 

 

[34] [35] [36] [37]  [36] 

 (CLSM)  [38] 

[39] CLSM

 

2.2 20μm X

CT

 [102] X CT

CLSM

 

 [32] [33]

X CT

2

 

 

 

3.2.  
 

nano3DX Cu L1080  1 XD 2mm

X CT continuous scan 180°

1 4 1000 1

83 16bit TIFF

ImageJ Fiji  [98] [99] 

A  [103]  
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Microtrace Forensic Fiber Reference Collection (  

Microtrace LLC) [104] 200

PA 3 1 4

6 3

 (CLSM) OPTELICS H1200A (Lasertec Corp. ) 

15 CLSM

 

(cyanoacrylate) 

1mm Kapton

 

 

 6  [104] 

 

 

      

 

#81   Allied Signal 

Fibers  

USA  1220MBX  PA-6   

3  

#88   BASF  USA  H110S  PA-6   

6  

#91   Du Pont  USA  496A  PA-6,6   

4  

#140   

 

Du Pont  USA  Hollofil 

II®  

PET  

 

 
 15 CLSM 1  

 

 
1  (JASRI
SPring-8)  
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3.3. CT  
 

16(a)  (#88) CT

(b) EX-G

PP

 

 

 
 16 (a)   (#88) CT  

(b) (a)  
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16 CT

17 6 15 X CT

X CT  

 

 
 17 CT (a)  (#81)  

(b)  (#88)  

(c)  (#91)  

(d)  (#140) 
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3.4.  
 

16(b)  (#88) B 2

17(a)

6

17(b) A B

(A+B) [μm2] B/(A+B) (%) 1cm A 

[104μm3/1cm] 4 100

1cm

 (coefficient of variation: CV) 7

3% CV

CV

 

    

  5°  ( ) 

CV  

 

 
 18 (a) 16(b)  (#88)  

(b) 16(b)  (#88) 
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 7 100

( ) CV  

  

(A+B) [μm2] 

 

B/(A+B) (%) 

1cm A 

[104μm3/1cm] 

#81 1987 ± 12 

(0.6%) 

11.0 ± 0.3 

(3%) 

1768 ± 13  

(0.7%) 

#88 1827 ± 9 

(0.5%) 

24.0 ± 0.4 

(2%) 

1388 ± 10  

(0.7%) 

#91 3 5 3 7  ±  7 8  

(2%) 

17.3 ± 0.2 

(1%) 

2924 ± 65  

(2%) 

#140 1 5 6 1  ±  1 3  

(0.8%) 

18.2 ± 0.3 

(1%) 

1276 ± 11  

(0.9%) 

 

 



47 
 

3.5. CT  
 

3.5.1.  

 

Kapton CT

19(a) 16(a) 2

Kapton 19(b)

16(a) Kapton 19(c) 16(a)

Kapton  

1mm 60μm

 

19(a)  

19(b)  

19(c)  
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 19 (a)  16(a) 2 Kapton

 

(b)  16(a) Kapton  

(c)  16(a) Kapton  

(d)  16(a)  
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CT 100 CV

8 15(a)

10242 (=1048576) 2

CV 0.01 0.05%

3.4 Kapton

CV

1.13 1.18

20 16(a)

Kapton

2 8870

Kapton

Kapton 1pixel Kapton

Kapton

μm2

3.4

 

 

 8 CT 100 CV

 

   

[105μm2] 

 

[105μm2] 

 

( / ) 

 

 

Fig.19(a) 

714779 ± 81 11.529 ± 0.001 

(CV: 0.01%) 

9.85 1.17 

 

Fig.19(b) 

140026 ± 60 2.258 ± 0.001  

(CV: 0.05%) 

2.00 1.13 

 

 

Fig.19(c) 

574752 ± 96 9.270 ± 0.001  

(CV: 0.02%) 

7.85 1.18 

 

 

Fig.19(d) 

333798 ± 82 5.383 ± 0.001 

(CV: 0.02%) 
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 20 16(a)  (O.D.)  

 

3.5.2.  

 

3.4 100

N CV

 

21  (#88) CV N

CV B

CV A CV

CV N 20 N CV

CV N 2%

N 100 50

N 20 N CV

N 1 CV

N CV

CV 30 70 pixel2 38 89μm2

2

CV
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 21  (#88) CV

N  
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3.6.  
 

3.4

CT

2.3

1 170μm 13m

0.328g CT

22 11(a) CT 2

 

 

 
 22 11(a) CT 2  

 

50 23578 ± 28 [μm2]

 

  

170μm

 

  

1.11 g/cm3

6 6,6

6 1.12 g/cm3 6,6 1.08 g/cm3  [101]

CT

CT
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8

 (#88) 1cm  ( 6 1.12 g/cm3) [101] 

 15.5 ± 0.1 μg 6,6 PET  

[101] 1.12 g/cm3 1.385 g/cm3 3

CT CV 3%

X

CT
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3.7. 3  
 

X CT

X CT 3

10μm

2

3%  (CV) 
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4  
 

4.1.  
 

3

 [105] CT

2.1 nano3DX Cu

50%  [106] X CT

 

2.2 1 170μm

X CT 1 CT

μm 1

 

 

 

4.2.  
 

nano3DX Cu L1080  1 XD 2mm

X CT continuous scan 180°

1 4 1000 1

83 Tomoshop® 16bit TIFF

ImageJ Fiji  [98] [99] B CT

2

Analyze Plot Profile

 

Microtrace Forensic Fiber Reference Collection (  

Microtrace LLC) [104] 200

PA 2 PP 1
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3 10

16bit 216 65536

3

1 2mm Kapton

EX-

G PET Kapton  

 

 9  [104] 

      

#117   Shaw Industries  USA  PA-6   

#119   Wellman Inc  USA  PA-6,6   

#127   Shaw Industries  USA  PP   
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4.3. 1  
 

23(a) 13(b) CT 23(a)

23(b) μm

Kapton

Kapton 60μm

170μm Kapton
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X BG
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 23 (a)  13(b) CT  

(b)  (a)  

 

 10 50 CV  

[101] 

   

Kapton 121 ± 9 (CV: 7.4%)  1.4 g/cm3 [101] 

 93 ± 7 (CV: 7.5%)  1.1 g/cm3 

 (Kapton/ ) 1.3 ± 0.2 (CV: 15.4%)  1.3 
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4.4.  
 

CV

 

1mm Kapton 1 4.2

X CT CT 25(a)

CV  

 

 

 25 (a) CT (b) CV N  

 

4.3 1  (50, 50) 

N 12, 32, …, 272 CV

25(b) CV N N 200

CV 2%  

1 Np Ns

CV Np = 9  (50, 50) 

9 Ns  = 1 3 5 … 31 25(b)

CV N (= NpNs)  Np = 9 CV N

N=243 (Np = 9, Ns  = 27) 1.5% 1

CV  

Np = 25  (50, 50) 25 Ns  = 1

3 5 … 31 25(b) CV N Np = 
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25 CV N 1

CV 2%  

1 9  (Np = 9) 27

 (Ns  = 27) 243

voxel size 1.27μm Np = 9  (3.81 μm)2 

Ns  = 27 34.29 μm

10μm 30μm

35μm

N=243 (Np = 9, Ns  = 27) 
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4.5.  
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4.6.  
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4.7. 4  
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5.2.  
 

X CT 10μm

CT

nano3DX

nano3DX 330nm L0270  (0.66 × 0.66 

mm2) 1.6 1mm

Kapton

 

nano3DX Cr

(0.93g/cm3)  (0.88g/cm3) 

5% X
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6 6,6
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1 11.1% 4

CV

 

nano3DX X

1000  [107]
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