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Abstract 

Micro-packed beds (µPBs) are seeing increasing use in the process intensification context (e.g. 
micro-reactors), in separation and purification, particularly in the pharmaceutical and bio-products 
sectors, and in analytical chemistry. The structure of the stationary phase and of the void space it 
defines in such columns is of interest because it strongly influences performance. However, 
instrumental limitations – in particular the limited resolution of various imaging techniques relative 
to the particle and void space dimensions – have impeded experimental study of the structure of 
µPBs. We report here a new method that obviates this issue when the µPBs are composed of 
particles that may be approximated by monodisperse spheres. It achieves this by identifying in 
successive cross-sectional images of the bed the approximate centre and diameter of the particle 
cross-sections, replacing them with circles, and then assembling them to form the particles by 
identifying correlations between the successive images. Two important novel aspects of the method 
proposed here are it does not require specification of a threshold for binarizing the images, and it 
preserves the underlying spherical geometry of the packing. The new method is demonstrated 
through its application to a packing of a near-monodispersed 30.5 µm particles of high sphericity 
within a 200 µm square cross-section column imaged using a machine capable of 2.28 µm 
resolution. The porosity obtained was, within statistical uncertainty, the same as that determined via 
a direct method whilst use of a commonly used automatic thresholding technique yielded a result 
that was nearly 10% adrift, well beyond the experimental uncertainty. Extension of the method to 
packings of spherical particles that are less monodisperse or of different regular shapes (e.g. 
ellipsoids) is also discussed.  

Keywords: Micro-packed capillary; micro-packed bed; process intensification; porosity; X-ray 
microtomography; thresholding.  
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1. Introduction 

Micro-packed beds (µPBs) are seeing increased use as miniaturization of processes becomes more 

prevalent. For example, they provide a means of greatly enhancing mixing and, thus, heat and mass 

transfer in the laminar flows that are inevitable in the microchannels encountered in process 

intensification (Hotz et al., 2008, Mills et al., 2007, Ajmera et al., 2001, Jensen, 2001, Losey et al., 

2001). They also bring an increased surface area-to-volume ratio that is useful if the particles within 

the bed are to act as an adsorbent or catalyst (Kiwi-Minsker and Renken, 2005, Oleschuk et al., 

2000). The small test volumes and short residence times also make µPBs ideal for rapid, high-

throughput catalyst screening (Cao et al., 2007, Ehrfeld et al., 2000), and in the liquid 

chromatography context in the pharmaceutical sector (Jung et al., 2009). They are also of relevance 

to micro-fluidized beds (Zivkovic et al., 2013a, Zivkovic et al., 2013b, Doroodchi et al., 2012, 

Doroodchi et al., 2013) in that they are clearly formed from packed beds. Beyond the process 

engineering context, µPBs are used in Micro Total Analysis Systems (µTAS), which have long 

been used for chemical and biochemical analysis (Reyes et al., 2002), including in clinical 

chemistry (also known as lab-on-a-chip or LOC) (Schulte et al., 2002, Melin and Quake, 2007, 

Haeberle et al., 2012, Abgrall and Gué, 2007).  

Spherical particles are commonly used to form µPBs as they tend to ease the formation of more 

homogeneous bed structures that are known to give the best heat and mass transfer performance 

(Aggarwal et al., 2012). Use of smaller particles relative to the microchannel size also improves bed 

structure homogeneity as well as reduce ‘wall effects’ (Aggarwal et al., 2012), which lead to the 

fluid preferentially channelling along the walls rather than passing through the bed. However, as 

pressure drop and, therefore, pumping power tends to increase as the particle size drops (Unger et 

al., 2008, Dautzenberg and Mukherjee, 2001, DeStefano et al., 2008), a trade-off in the particle-to-

microchannel size must be accepted.  In order to assess this trade-off as well as other issues related 

to the structure of the µPBs, a capacity to gain detailed understanding of the bed structure as a 

function of the particle characteristics and preparation conditions would be useful. 

A variety of techniques have been used to study the structure of µPBs. A number of workers have 

used scanning electron microscopy (Liang et al., 2003, Motokawa et al., 2002, Dulay et al., 1998) 

and transmission electron microscopy (Courtois et al., 2006, Plummer et al., 1995). These 

techniques are, however, tedious to extend to quantitative characterization of the three-dimensional 

(3D) structure of µPBs. Such analysis is possible using magnetic resonance imaging (MRI) (Man et 

al., 2005, Sederman et al., 2001), scanning confocal microscopy (Bromley and Hopkinson, 2002), 

and X-ray microtomography (Williams and Jia, 2003). The last one has the advantage of being able 

to reveal the transport processes occurring within the pore space in addition to resolving the bed 



structure that yields the pore space. It is, however, limited to systems containing protons (i.e. either 

the solid phase or void space must be proton-containing), and requires access to expensive-to-buy 

and operate machines as well as the expertise to run them. These issues are not faced with scanning 

confocal microscopy but it can only probe the order of 100 µm or so into media (Claxton et al., 

2006). X-ray microtomography offers a balance between the two methods: it can be used to image 

the entirety of a wide variety of materials, and easy-to-use bench-top systems are now available at 

modest prices (Fu et al., 2006). This technique has been used in a non-destructive way to study 

macroscale packed beds (Suzuki et al., 2008, Suzuki et al., 2004), porous tissue scaffolds (Ho and 

Hutmacher, 2006, Atwood et al., 2004), bone (Jaecques et al., 2004, Jones et al., 2004), stone, rock, 

minerals and fossils (Ketcham and Carlson, 2001), food products (Lim and Barigou, 2004), and 

foams (Calvo et al., 2009, Shen et al., 2004) amongst other materials (Salvo et al., 2003).  

X-ray microtomography yields a series of planar digital greyscale images along an axis of a sample 

(e.g. along the length of a packed bed). When the size of the pixels in these images is small 

compared to the characteristic dimensions of the pore space and particles, the underlying geometry 

(e.g. spherical if bed is composed of spheres) is easily discerned. This is, however, not the case for 

µPBs where the resolution is comparable to the characteristic dimensions – here, instead, a sense of 

the underlying geometry is largely lost as illustrated in Figure 1, which shows a raw image and its 

binarized counterpart of a cross-section through a µPB composed of essentially spherical particles. 

Possible reasons for the compromised CT scans are Poisson noise and beam hardening, which can 

both produce dark and bright streaks between two high attenuation objects (Boas and Fleischmann, 

2012) like spherical glass particles; see Figure1(a). In addition, partial volume and scattered 

radiation artefacts probably also contributed to the noisy CT scan images seen here (Buzug, 2008). 

  
Figure 1. Typical images of a cross-section of a µPB composed of near-monodisperse 30.5 µm 
diameter particles of high sphericity as derived from X-ray microtomography: (a) raw greyscale 

image; and (b) a binarized version of the raw image obtained using the Otsu automatic thresholding 
algorithm. 

(a)
 

(b)
 



A second major issue in using typical X-ray microtomography imaging, which is encountered when 

seeking to reconstruct the 3D structure of µPBs, is the conversion of the grayscale images into their 

binary counterparts as shown in Figure 1. This requires the identification of the grey level (the 

‘threshold’) that allows the partitioning of the pixels between the solid and void phases (Fajardo et 

al., 2002, Hara et al., 2002, Ding et al., 1999, Mitton et al., 1998, Al-Raoush and Alshibli, 2006). 

Many thresholding algorithms have been developed over the years (Sheppard et al., 2004, Waarsing 

et al., 2004, Ding et al., 1999, Wonho and Lindquist, 1999, Otsu, 1979), reviews for which may be 

found in (González and Woods, 2008, Sezgin and Sankur, 2004, Pal and Pal, 1993). The plethora of 

these algorithms reflects the non-trivial nature of finding a threshold, and that there is no single 

algorithm that is successful for all problems. This threshold-identification issue is more problematic 

when the pixel size is much smaller than the system characteristic dimensions. However, it becomes 

a major issue for µPBs where a small change in the threshold leads to significant shifts in pixels 

from one phase to the other. 

Here we propose an approach to constructing 3D models of µPBs of near-spherical particles from 

X-ray microtomography images of them that avoids the two issues outlined immediately above. The 

method essentially involves two parts: (A) identifying approximate positions of the particles of the 

packing, and (B) ‘relaxing’ the particle packing from the first part using a Reverse Monte Carlo 

technique combined with simulated annealing. We provide details of the first part in this paper and 

demonstrate its validity by comparing the porosity obtained from the non-relaxed packing with a 

directly measured porosity. The second part and its application are outlined in an accompanying 

paper. 

2. Description of the new method 

The new method is composed of Part A and Part B; attention here is restricted to Part A, whilst the 

other part will be detailed in an accompanying paper, referred to as Part B hereafter.Part A is 

composed of the four steps that are summarized in Figure 2. The first two are applied to all the 

cross-sectional X-ray microtomographic images obtained along the length of the packing, Figure 

2(a). The final two steps involve integration of the data from all the cross-sectional images to form 

the 3D model. The four steps here have been implemented using the MATLAB Image Processing 

Toolbox and ImageJ (Rasband, 1997-2013). Integration of the functionality of these two pieces of 

software was achieved using MIJ, the MATLAB-ImageJ bi-directional communication package 

(Sage et al., 2012). 



 
Figure 2. The steps of the new method to construct a 3D model of a µPB from X-ray 

microtomographic images of the bed. 
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Step 1. Pre-processing 
This step is applied independently to all N cross-sectional images. An image is first cropped to 

include only the region of interest (ROI), which normally is defined as that area within the µPB 

walls as illustrated in Figure 2(b). Smoothing is then applied to the image to supress as much noise  

as possible without destroying the edges of the solid phase; this is done by applying a symmetric 2-

dimensional Gaussian filter of 3×3 pixels size and variance 0.5 to the image, Figure 2(b)→(c). An 

un-sharp mask is then applied to sharpen the edges without overly  enhancing any noise  remaining 

in the image (Sheppard et al., 2004) as shown in Figure 2(c)→1(d); this involves applying an 

average filter to the image, subtracting a blurred (un-sharp) version of the image from itself, and 

then adding the difference to the original image. Finally, the edges of the solid phase as detected by 

the X-ray microtomography are identified by applying a Sobel mask filter in combination with a 

Laplacian of Gaussian (LoG) filter in the two Cartesian directions, Figure 1(d)→(e). The use of the 

LoG, which is a form of second-derivative filter, is motivated by the fact that the Sobel filter is 

commonly misled by noise, creating false edges (Gonzalez et al., 2004). Application of the Sobel 

and LoG filter together leads to an image like that shown in Figure 2(e). As indicated by the red 

circles in this figure, there are still some solid areas whose size and location relative to others 

suggest they should not be stand-alone – these are dealt with in the next step of the method. 

Step 2. Identifying particle cross sections in the cross-sectional images 
If the spherical particles were well resolved, the solids regions revealed by Step 1 would be circular 

in nature. As Figure 2(e) shows, however, this does not occur for µPBs because the resolution of X-

ray microtomography is limited relative to the particle sizes typical of µPBs. To address this issue, 

two successive operations are applied independently to all the cross-sectional images. 

In the first of these operations, the solid regions in an image that are far from circular in nature are 

subdivided into a number of regions that each are sufficiently circular to be considered as part of a 

single particle. This is done by first evaluating the ‘roundness’ of each solid region within the image 

using the expression 

 𝑅𝑅𝑂𝑂𝑖𝑖 = 4𝜋𝜋 𝐴𝐴𝑖𝑖
𝑃𝑃𝑖𝑖
2 (1) 

where Pi and Ai are the perimeter and area of the region-i, respectively. A perfect circle has a 

roundness of unity whilst, as seen in Figure 2(f), it takes on a value less than this for any other 

shape. Experimentation showed here that the roundness can be used to determine the number of 

particles merged within a single solid region such as those shown in Figure 1(g) as follows 

 1 ≤ 𝑅𝑅𝑂𝑂𝑖𝑖 ≤ 0.65 → region ∈ single particle (2a) 



 0.65 < 𝑅𝑅𝑂𝑂𝑖𝑖 ≤ 0.4 → region ∈ two particles (2b) 

 0.4 < 𝑅𝑅𝑂𝑂𝑖𝑖 ≤ 0.3 → region ∈ three particles (2c) 

 0.3 < 𝑅𝑅𝑂𝑂𝑖𝑖 < 0 region ∈ four particles (2d) 

The thresholds in these equations were determined by comparing the masked images and the 

original image obtained from X-ray microtomography, and evaluating their roundness parameters. 

If any but condition (2a) applies for a region, Watershed segmentation using the distance transform 

is employed successively on the region and the ‘off-spring’ regions derived from it until their 

roundness falls within the condition (2a), Figure 2(g). 

Once all solid regions within the image have been determined to belong to a single particle, the 

image is subject to the second operation in this step, which sees each region replaced by a circle 

centred at the centroid of the region, Figure 2(h). The circle radius is determined by matching the 

area of the region with that which is closest to the cross section selected from a sphere that has been 

sliced up into K segments (K = dp/R) as illustrated in Figure 3, where dp is the experimentally 

determined average diameter of the particles, and R is the inter-plane resolution of the X-ray 

microtomography machine used. 

 

Figure 3. Partitioning of a spherical particle into sequential circular planes of area Ai for i = 0, ±1, 
…, ±K, where Ai=A−i. 

Step 3. Initial reconstruction of the bed particles 

This step sees all the particles in the µPB reconstructed by drawing correlations between circles in 

successive images (i.e. an image and that immediately below it), starting from the top-most image, 

as illustrated in Figure 2(i). The top of a new particle is identified in an image when a circle of area 

AK (or AK-1 in recognition of the finite resolution) is detected, Figure 3. Appropriate circles in the 
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successive images are added to the particle until its bottom is detected, which occurs when a second 

circle of area AK (or, if this is not detected, AK-1, in recognition of the finite resolution) is detected 

after passing through circles of initially increasing and then decreasing area with a maximum in 

between of A0.  

Step 4. Estimating the centroid of the bed particles 

For each particle, i, in the µPB the coordinates of its centroid are finally estimated by applying 

triangulation to the slices identified for the particle 

 𝑋𝑋𝑖𝑖 =
∑ 𝑥𝑥𝑗𝑗𝐾𝐾
𝑗𝑗=1

𝐾𝐾
 (3a) 
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The �𝑥𝑥𝑗𝑗𝑚𝑚 ,𝑦𝑦𝑗𝑗𝑚𝑚, 𝑧𝑧𝑗𝑗𝑚𝑚� in Equation (3d)-(3f) are the coordinates of the mth peripheral point on circle 

j=1,…,K as illustrated in Figure 4 for the x-z plane. The uncertainty associated with these 

coordinates is also estimated in the form of the standard deviation from the average; this uncertainty 

is used in Part B. By continuing this procedure over the whole length of µPB, the 3D structure of 

packing will be obtained as presented in Figure 2(k). 

4. Experimental details for demonstrating the new technique 

The new technique is demonstrated here by using it to reconstruct the packing of near-monodisperse 

30.5 µm particles of high sphericity within a square cross-sectioned micro-capillary and estimating 

the porosity which is compared to the actual porosity determined directly. 

 



 

Figure 4. An illustration of the triangulation procedure in the x-z plane. The lines between the 
opposite edges of circles ±k intersect to yield an estimate of the sphere centroid Ok. The average 

centroid and the standard deviation (uncertainty) are derived from the set of these centroid points. 

4.1. Experimental setup 

The µPB was composed of a borosilicate micro-capillary of D = 200 µm internal square cross-

section and 100 µm thick walls packed to a height of between 40-45 mm with soda-lime glass 

particles (Cospheric LLC; CA, USA) of average diameter dp = 30.5 μm with a 1.5 μm standard 

deviation and sphericity of more than 95%. Figure 5(a) illustrates the method used to fill the µPB 

with the particles. A custom-built glass rig, details of which are provided in Figure 5(b), was used to 

connect a glass funnel to the top of the micro-capillary. The magnetic screws were embedded in the 

glass rig to attach the micro-packed capillaries and glass funnel to a steel base and make the 

experimental setup vertical. The micro-capillary was initially filled with ethanol before some of the 

particle-in-ethanol suspension was poured into it whilst being tapped to enhance particle settling. 

The bottom of the micro-capillary was embedded within a wickable surface (double sided adhesive 

tape), so as to quickly and effectively remove the ethanol used to initially suspend the glass 

particles from the micro-capillary, leaving behind the dry µPB of interest here. This process was 

repeated until the micro-capillary was filled to between 40-45mm deep. 

 



 
Figure 5. (a) Schematic of method for making micro-packed capillaries (µPBs) considered here; (b) 

the details of custom-built glass rig used for packing the µPB. 

A SkyScan1072 X-ray microtomography system (SkyScan, Belgium) was used (see Table 1 for 

relevant details of this system and the scanning parameters for the study). The radiographic images 

were saved in TIFF format. 

Table 1. The X-ray microtomography system and scanning parameters 
Parameters Value 

In-plane and vertical spatial resolutions  2.28 µm 
Angular rotation step 0.45 degree 
Rotation step 180 degree 
Magnification 137.17 
Source (Tension/Current ) 55/110 kV/µA 
Exposure time  2.7 ms 
Filter material Al 0.5 mm 
Frame averaging  3 

4.2. Evaluating the porosity from the reconstructed µPB 

The porosity of reconstructions of µPBs was estimated via Monte Carlo (MC) integration. This 

involves depositing M points randomly within a reconstructed packed bed and counting the number 

that fall within the particles, MS, and then using 

 1MC SM Mφ = −  (4) 

In the study here, M = 2450000 points was found to give a stable estimate of the porosity. The final 

porosity estimate and its uncertainty were obtained from 10 repeats of the MC integration. 

4.3. Direct measurement of the porosity of the µPB 

The actual porosity of the µPB was determined directly by measuring the mass of the glass particles 

in the bed and converting this to a solid volume using the density of the glass (2500 kg/m3), and 

then dividing by the total measured volume of the bed. The volume of the bed was set equal to the 

product of the cross sectional area of the micro-capillary and the height of the packing, which was 

measured with a precision of 15 µm using a microscope. The mass of the glass particles was 

estimated as the difference between average mass of the µPB and the empty micro-capillary, both 
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of which were measured using a high-precision balance (Sartorius AG Semi-microbalance, 

Germany; 0.01 mg precision). Their average mass in each case was that of ten separate 

measurements.  

5. Results and Discussion 

Figure 6(a) shows the cross-section obtained from the new method that corresponds to that shown 

in Figure 1. It is clear from this figure that the underlying spherical geometry is retained in the 

reconstruction. Figure 6(b) shows, however, that the 3D structure obtained via the new method 

includes some overlapping particles, which are shaded. This reflects the uncertainties associated 

with the identification of the centres of the particle cross-sections in each image as well as the 

assumption that the particles are spheres of identical size. These two issues will be addressed in Part 

B.  

  
Figure 6. Cross-sections derived by applying the new method outlined here to two example cross-

sections obtained in the work here: (a) the cross-section obtained from the image shown in Figure 1 
where no particle overlap is observed; and (b) another cross-section that includes particles that 

overlap with each other and the bed walls (shaded circles) due to the reasons explained in the text. 

Figure 7(a) shows the 3D reconstruction of the µPB considered here along with some close-ups of 

the model. Comparing this to the structure obtained using the traditional thresholding approach, 

Figure 7(b), clearly shows the new method described here retains the underlying spherical geometry 

whilst the traditional approach does not. Detailed inspection of the structure obtained by the new 

method reveals the differences in the particle packing between the wall and interior of the bed, 

compare Figure 7(c) and (d), something that is not the case from the traditional image as seen in 

Figure 7(e) and (f). Whilst the new method yields structures that are more intuitive, they are not 

perfect in that there are examples of where particles are overlapping each other or the micro-

capillary wall, Figure 7(g) and (h), or are suspended in mid-air as seen in Figure 7(i). 

As shown in Table 2, the porosity obtained from applying MC integration (φMC) over the 

reconstruction of the µPB is, within statistical uncertainty, the same as that obtained from the direct 

(a) (b) 



measurement (φD). The same cannot be said, however, for the porosity obtained from applying MC 

integration to the reconstructions yielded through application of the Otsu automatic thresholding 

method (Otsu, 1979), which is one of the most widely used thresholding methods at present. In this 

case, the estimated porosity is around 9.7% lower, significantly outside the error margins associated 

with the direct measurement method. The assumption of monosize particle to find the porosity of 

µPB in this method induces an inherent deviation of around 7%. 

 

Figure 7. (a) 3D reconstruction of the µPB obtained from micro-CT images using the new approach 
outlined in this paper; (b) 3D reconstruction of the µPB obtained from micro-CT images using the 
traditional thresholding approach with a threshold of 75%; (c) close-up of the near wall region in 

the model shown in (a); (d) close-up of the near wall region in the model shown in (b); (e) close-up 
of the middle of the bed in the model shown in (a); (f) close-up of the middle of the bed in the 

model shown in (b); (g)-(i) close-ups showing, respectively, particle-particle overlap, particle-wall 
overlap, and a suspended particle in the model shown in (a). 

 

(d)

(f)

(b)

(e)
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(h)
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Table 2. Porosity values (%) obtained with different methods 
φΤ

1 
𝝓𝝓𝑴𝑴𝑴𝑴

2 𝝓𝝓𝑫𝑫
3 Manual Automatic 

60% 70% 80% 
37.3 40.6 42.3 48.5±1.6 52±2 

1. Porosities derived from binarized images using different greyscale thresholds 
selected either manually or via the automatic Otsu method (Otsu, 1979). 

2. Porosity derived from applying Monte Carlo integration to the model built 
using the new method described here. 

3. Porosity obtained via direct measurement of the actual µPB. 

As anticipated in the Introduction to this paper, Table 2 also reveals that when thresholding is used 

as a basis for reconstructing a model of the µPB, the porosity changes substantially with the 

threshold used. The increase in porosity with the threshold value is linear, with the rate being 

around 0.25% per percent-grayscale. Thus, using a greyscale threshold of 60%, the error in the 

voidage is around 15%, decreasing to around 10% for the threshold yielded by the Otsu automatic 

thresholding method (Otsu, 1979) (i.e. 80%). 

Although the porosity yielded using the 3D structure obtained from the new method here cannot be 

statistically differentiated from the actual, it is lower than these values. This trend arises from the 

fact that the 3D structure yielded by the method includes overlapping particles, and particles 

overlapping with the micro-capillary walls as shown in Figure 7. This issue will be addressed in 

Part B. Although we have applied the new method to a µPB composed of near-monodisperse 

particles of high sphericity, it is conceivable that it can be applied to less-ideal beds. For example, 

dispersion in spherical particle sizes, including multimodal particle sizes could be considered by 

selecting appropriately from a library of circular cross-sections in Step 2, rather than just the one as 

done here, in conjunction with establishing cross-correlations between slices. Extension to beds 

composed of particles whose cross-sections are elliptical in nature is also possible if this is done 

provided the roundness metric in Equation (1) and the associated criteria in Equation (2) are 

generalised.  

6. Conclusion 

Whilst benchtop X-ray microtomography systems can yield three-dimensional (3D) images of the 

structure and porosity of packed beds, they are generally of poor quality when the beds are part of 

microfluidic devices due to the low resolution of the X-ray systems relative to the dimensions of the 

particles and porosity. This manifests as a loss of the underlying particle geometry and the 

conversion of the grayscale images into binary counterparts being sensitive to the greyscale 

threshold used to partition the pixels between the solid and void phases. A new method is described 

here that obviates both these issues when the micro-packed beds (µPBs) are composed of largely 

monodisperse particles of high sphericity. The method has been demonstrated by applying it to a 



µPB. The recovered structure appears reasonable and has a porosity that is, within experimental 

uncertainty, equal to the value measured directly. In comparison, use of the well-known Otsu 

automatic thresholding method to partition the greyscale images into solid and void regions yielded 

a model in which the underlying spherical geometry and various other structural details were 

destroyed, and a porosity that was nearly 10% less than the actual. Whilst the new, alternative 

method described herein offers a major improvement over such commonly used methods, the 

monodispersity assumption and uncertainties associated with locating particle centres in the packing 

means anomalies are present in the models yielded here; for example, some overlapping particles. A 

method for addressing this issue is outlined in Part B of this work. 
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