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Figure 1. Simulated grey-level histogram of the composite with Vv = 15%, scattering noise standard deviation: 

0.03 (normalised grey level),voxel size = 10 µm, showing where the edge voxels appear in the histogram and 

(inset) how they are classified as above (red) or below (green) a segmentation threshold of 0.5. The resulting 

apparent pore morphology is shown as a black-edged shape 

Figure 2. The effect of the ratio of pore size to voxel size on the shape of the histogram in the edge-voxel zone 

between the (lower) air peak and (higher) composite peak. This graph was generated with simulations using the 

model described in the next section, for: spherical pores, 20% void volume fraction (to emphasise the edge-

voxel effect), 5% scattering noise and 0% FVF noise.  



 

Figure 3. The effect of the ratio of pore size to voxel size on the minimum edge-voxel count relative to maximum 

air-voxel count in the histograms Figure 2. Note that for really pore radii less than a voxel, there is no minimum 

in the histogram in the edge-voxel region. This graph was generated with simulations using the model described 

in the next section, for: spherical pores, 20% void volume fraction, 5% scattering noise and 0% FVF noise 

 

  

Figure 4. Simulated grey-level histogram of the composite with Vv = 15%, scattering noise standard deviation: 

0.2 (normalised grey level),  voxel size = 10 µm 
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Figure 5. Pore segmentation from the simulator showing the ‘segmentation-threshold surface’ formed by the 

voxels at a segmentation threshold of 50%, scattering noise standard deviation: (a) 0.05 (b) 0.15 

 

Figure 6. Surface plot of actual void volume fraction (VV) ) as a function of pore radius and number of pores in 

a fixed volume of 0.5 mm3 with an overlaid colour plot of measured to actual void volume fraction (VV) using a 

50% segmentation threshold. 

 



 

Figure 7. Effect on the 50% threshold measured / actual Vv ratio of the pore-radius / voxel-size ratio. 

 

Figure 8. Error as a function of the pore size for the different thresholds, VV=10%, scattering-noise standard 

deviation of 0.05 (as normalised grey level). 

 



Figure 9. Bias in Vv as a function of threshold for different pore radii/voxel size, where the actual Vv in the 

model was 10%. 

  

Figure 10. Comparison of void size, shape and distribution using: (a) microscopy; (b) CT-scanning [2] 

  

Figure 11. Effect of threshold on void volume fraction for experimental results, (Voxel size = 13.1 micron, the 

red line shows the best fit of the experimental data), red dotted line shows the assumed experimental void 

volume fraction based on a 50% segmentation threshold. 

 



Figure 12. Distribution of through-thickness pore sizes (note that this ‘size’ would correspond to twice the 

radius for a spherical pore), determined using a 50% threshold to segment the CT data. Total void volume 

fraction was Vv=3.69% (using a 50% threshold), voxel size = 0.013 mm 

 

Figure 13. Void volume fraction vs threshold for different pore radii (modelling results), modelled with 

Vv=3.7% and voxel size = 0.0131 mm. The red line shows the best fit from the experimental data in Figure 9. 

Red dotted line shows the assumed experimental void volume fraction based on a 50% segmentation threshold. 

 

Figure 14. Both the line and the curve bisect the pixel into equal areas but the centre of the pixel sits on the 

edge of the pore in the only straight-edge case. 

 

  

(a) (b) 

Figure 15. (a) Spherical and (b) cubic pores with the R = 60 micron, Vv = 10%, voxel size = 10 micron, 

scattering noise 0.1 



 

Figure 16. Effect of pore shape on measured Vv using 50% thresholds. Scattering noise:  0.1, Vv  = 10% 

 

Figure 17. Experimental normalised grey-level histogram of the porosity sample. 

 

(a) 

 

(b) 



Figure 18. Effect of the scattering noise level (given in the legend as a normalised grey-level standard 

deviation) on the pore detection for (a) 50% threshold and (b) Otsu threshold, Vv = 10% 
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Figure 19. 2D grey value slice images of the simulated dataset, showing the effect of the scattering noise on the 

pore segmentation. (a) scattering noise 0.05; (b) scattering noise 0.1; (c) scattering noise 0.25. Images on the 

left sides corresponds to Pore Radius / Voxel Size = 1, Images on the right side correspond to 

Pore Radius / Voxel Size = 5 

 



 

(a) 

 

(b) 

 

 

(b) 

Figure 20. Effect of the structural noise Vf  standard deviation  for (a) 50% threshold and (b) Otsu threshold, Vv 

= 10% and scattering-noise standard deviation of 0.1 

 

 

Figure 21. A composite material’s grey-level histogram showing the ‘air’, ‘resin’, and ‘composite’ peaks with 

the 50% threshold (blue) and the Otsu threshold (green).  The region marked in yellow shows where resin-only 

voxels have been erroneously counted as porosity by the 50% method; it does not go down to the baseline 

because there are some voxels that should be counted, which are only at those grey levels because they are at 

the edge of the pore. 



 

Figure 22. Effect of resin normalised grey level on void volume fraction (Vv) using the 50% threshold, 

Vv = 10%, Vf SD = 0.033, pore radius = 100 µm, voxel size = 10 µm. 

 

Figure 23. Effect of the resin layer on void volume fraction using the Otsu threshold, Vv = 10%, Vf SD = 0.033, 

pore radius = 100 µm, voxel size = 10 µm. 
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Figure 24. Effect of resin-layer thickness (as a proportion of ply spacing) on measured/actual void volume 

fraction (Vv), for different resin grey levels, for (a) 50% threshold and (b) Otsu threshold, Vv = 10%, Vf  SD = 

0.033, pore radius = 100 µm, voxel size = 10 µm, scattering noise = 0.1 
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Figure 25. Graphical explanation of the adaptive threshold selection based on the algorithm defined in the text. 

The horizontal blue line is at fthreshold and the vertical blue line is at gthreshold. (a) shows the case, where gmin is 

grey-level threshold; (b) shows the case, where the first crossing of fair/2 is the grey-level threshold; (c) shows 

the case where 50% is chosen as grey-level threshold 

  

(a) (b) 

Figure 26. Effect of scattering noise, for different resin grey levels, on void volume fraction using (a) 50% 

threshold; (b) new adaptive threshold. Vv = 10% ,Vf SD = 0.033, pore radius = 100 µm, voxel size = 10 µm 

  

(a) (b) 

Figure 27. Effect of resin-layer thickness (as a proportion of ply spacing), for different resin grey levels, on 

measurement of void volume fraction for (a) 50% threshold; (b) new adaptive threshold Vv = 10% , 

Vf SD = 0.033, pore radius = 100 µm, voxel size = 10 µm. 



 

Figure 28.Comparison of average void volume fraction calculated using 50% threshold and adaptive threshold 

with the true value for low void contents (0.5%, 1.0%, 1.5% and 2%). Scattering noise 0.2, Pore radius/ voxel 

size = 5. 

  


