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Abstract

We use dynamic micro-computed tomography (micro-CT) with a high temporal resolution to 

visualize water penetration through the porous network of immediate-release pharmaceutical solid 

tablets and characterize dynamic swelling and disintegration mechanisms. We process the micro-

CT images using two theoretical scenarios that reflect different paths of pore structure evolution: a 

scenario where tablet porosity remains constant during the swelling process and a scenario where 

the tablet porosity progressively diminishes and eventually closes during the swelling process. 

We calculate the time evolution of the volume of water absorbed by the tablet and, specifically, 

absorbed by the excipients and the pore structure, as well as the formation and evolution of cracks. 

In turn, the three-dimensional disintegration pattern of the tablets is reconstructed. Restricting 

attention to the limiting scenario where tablet porosity is assumed fixed during the swelling 

process, we couple liquid penetration due to capillary pressure described by the Lucas–Washburn 

theory with the first-order swelling kinetics of the excipients to provide a physical interpretation 

of the experimental observations. We estimate model parameters that are in agreement with values 

reported in the literature, and we demonstrate that water penetration is dominated by intra-particle 

porosity rather than inter-particle porosity.
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1. Introduction

The most common orally administered solid unit dosage form for drug delivery is 

compacted tablets. The main advantages encompass accurate control of dosing, easy storage, 

cost-effectiveness, and easy administration. Tablet formulations generally consist of active 

pharmaceutical ingredients (APIs) and a mix of inactive ingredients, termed excipients, 

which must be physiologically inert (Desai et al., 2016). Excipients are critical to the 

tablet design, determining its functionality and performance. Controlling the release of 

API at the drug plasma level leads to reduced side effects while providing greater patient 

compliance and convenience (Abdul and Poddar, 2004). To achieve the desired release 

profile, one needs to have a well-researched view of API’s fundamental physicochemical 

and biopharmaceutical properties, appropriate excipient selection, and manufacturing 

condition (Wen and Park, 2011). Different kinds of excipients, including disintegrants, 

fillers, binders, glidants, lubricants, antioxidants, ultraviolet absorbers, dissolution modifiers, 

absorbents, flavoring, agents, colorants, wetting agents, and preservatives may be added 

to the formulation (Kottke and Rudnic, 2002; Augsburger et al., 2007). For example, 

an excipient such as a soluble or insoluble filler (lactose/mannitol vs. microcrystalline 

cellulose) added to a formulation may affect the drug release rate in different ways (Rosiaux 

et al., 2014).

Different complex physical and chemical phenomena induce drug release from a 

pharmaceutical system, and a mathematical model to describe these mechanisms is difficult 

to find (Costa and Lobo, 2001). According to Siepmann and Peppas (2012), in many 

cases, simple empirical and semi-empirical models are sufficient to understand drug 

release mechanisms and design a new product. For example, Ferdoush and Gonzalez 

(2023) developed semi-mechanistic models to predict changes in dissolution profiles due 

to manufacturing process disturbances and studied how these models can enable real-time 

release testing. However, detailed information and complex mechanistic theories must 

be applied in many cases. According to Peppas and Narasimhan (2014), models that 

capture the mechanistic theory will provide new insights into the release mechanism 

when combined with precise experimental observations. Thus, realizing that the underlying 

coupled mechanics of imbibition, swelling, disintegration, and dissolution are still an open 

question. Specifically, the following dominant mechanisms of disintegration are identified 

(Quodbach and Kleinebudde, 2016; Markl and Zeitler, 2017; Faroongsarng and Peck, 1994; 

Moreton, 2008; Desai et al., 2016): (i) liquid intake through the open porous network by 

capillarity action, (ii) liquid transport from/to the pore-space network to/from the particles, 

(iii) liquid transport from particle to particle facilitated by the contact interfaces and solid 

bridges created during the compaction process, (iv) swelling of the particles due to liquid 

penetration, (v) deformation of the granular structure to relax internal stresses created 

during swelling, (vi) softening of particles and solid bridges due to liquid uptake, and (vii) 

breakage of solid bridges due to excessive relaxation of internal stress and mechanical 

softening. Characterizing these processes at the microstructure level is challenging because 

one needs to visualize them from the inside out. Another challenge lies in identifying the 

time scale of these processes, as sample relaxation or other processes can happen in seconds 

to minutes. Time-resolved micro-computed tomography (micro-CT) or 4D CT, where time is 

Ferdoush et al. Page 2

Int J Pharm. Author manuscript; available in PMC 2024 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



defined as the fourth dimension, is an excellent non-destructive technique to visualize these 

mechanisms (Boever et al., 2021).

During a time-lapse imaging process, a series of individual scans is taken over a specific 

experiment time period, often referred to as ‘interrupted 4D’ experiments. Conversely, 

dynamic tomography does not incorporate any delays between individual scans. Instead, 

an uninterrupted acquisition approach is adopted during the scan time interval of the 

entire process in examination (Dewanckele et al., 2020). Dynamic micro-CT is a powerful 

imaging technique that can provide high temporal resolution, improved contrast, reduced 

motion artifacts, and accurate 3D reconstruction where no crucial information is lost. 

These advantages make it ideal for studying rapid dynamic processes in materials science, 

biology, and engineering, among other fields. However, time-lapse micro-CT is still useful 

for studying slower dynamic processes and changes that occur gradually and consistently 

over longer time scales (Hunter and Dewanckele, 2021; Dewanckele et al., 2021; van der 

Wal, 2021) such as corrosion of metals, creep processes, or slow crystallization phenomena 

(Boever et al., 2021). TESCAN, a leading global producer and supplier of scanning electron 

microscopes, has designed and manufactured the first dynamic micro-CT system to offer 

both sub-micron spatial resolution and high temporal resolution in a single system (Vacuum, 

2022). Specifically, the TESCAN UniTOM HR’s high-resolution imaging capabilities make 

it a valuable tool for material characterization and failure analysis (Joseph et al., 2023; Pinto 

et al., 2023; Mesquita et al., 2022; Butenegro et al., 2022; Javanshour et al., 2023). However, 

these 4D micro-CT capabilities have yet to be used to quantify fast structural changes in 

pharmaceutical solid tablets and understand disintegration behavior (cf., quantitative studies 

of total volume increase of tablets or individual grains Rudnic et al., 1982).

In this study, a TESCAN UniTOM HR is used to visualize (i) penetration of water inside 

the tablet through the porous network and (ii) disintegration dynamics of immediate-release 

tablets, i.e., tablets that disintegrate and completely dissolve upon exposure to water in a 

few minutes (see, e.g., Markl and Zeitler (2017)). This rapid disintegration poses challenges 

for slower, time-lapse, or interrupted micro-CT procedures since water uptake, swelling, and 

disintegration processes cannot be paused during the experiment. We have also investigated 

the pore structure changes and estimated the time evolution of total tablet volume during 

swelling. Furthermore, we will provide a physical interpretation of the results obtained from 

these micro-CT images by identifying the water pathways as it fills the pore structure and 

it is absorbed by the swelling excipients (Hamraoui and Nylander, 2002; Washburn, 1921; 

Schott, 1992a,b).

The paper is organized as follows. Section 2 discusses materials for fabricating the tablets 

used in this study and methods for obtaining the dynamic micro-CT images. Microstructure 

reconstruction and segmentation process are also described in the same section. The micro-

CT image processing results are presented in Section 3. Physical interpretation of the results 

is provided in the same section. Concluding remarks are presented in Section 4.
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2. Materials and methods

2.1. Materials

Tablets were fabricated using a 6 mm die and a flat punch in a Gamlen D-Series bench-top 

compactor simulator. Four different in-die relative densities ρin−die (0.8, 0.85, 0.9, and 0.95) 

were achieved by varying tablet thickness and using a target weight of M = 153 mg. Upon 

tablet ejection from the die, the out-of-die relative density and tablet porosity ϵ0 (0.262, 

0.227, 0.175, and 0.139) were calculated from the tablet volume, mass, and true density 

of the powder blend. The formulation consisted of 89% w/w microcrystalline cellulose 

(Avicel PH 200; DuPont Nutrition, US), 9% w/w acetaminophen (APAP; Mallinckrodt 

Pharmaceuticals, US), 1% w/w magnesium stearate (MgSt; Spectrum Chemical Mfg. 

Corp., New Brunswick, NJ, US), and 1% w/w colloidal silica dioxide (Cab-O-Sil; Cabot 

Corporation, IL, US). Microcrystalline cellulose is widely used in pharmaceutical products 

as a binder and disintegrant in oral tablets (Rowe et al., 2009). Acetaminophen helps 

relieve pain and reduces fever. Magnesium stearate is the most widely used lubricant in 

pharmaceutical solid products. Colloidal Silica Dioxide is used as an anti-caking agent, 

adsorbent, disintegrant, and glidant to facilitate powder flow during processing (Rowe et al., 

2009). Cab-O-Sil and MgSt can coat the particles, modify their wettability, and, thus, change 

the drug release rate of the compact (Rowe et al., 2009). The small amount of powder 

required for fabricating 40 tablets was premixed in a 20 ml glass vial.

2.2. Dynamic micro-CT imaging

To dynamically obtain the micro-CT scans of liquid penetration inside the tablets, the tablet 

was placed on a styrofoam sample holder with a syringe pump attached to inject water at 

a rate of 2 ml/min. The water was stained with CsCl for better contrast. Next, the in-situ 

setup was mounted on the rotation stage of the TESCAN UniTOM HR Fig. 1 shows the 

experimental setup and Fig. 2 shows a schematic of the TESCAN UniTOM HR and powered 

through the slip-ring of the system. By doing so, an endless, uninterrupted rotation of the 

complete setup was possible, as fluid cable tangling was prevented. As a result, the tablet 

absorbed water from the bottom through capillary uptake, which was continuously scanned.

A high temporal resolution was needed to capture the disintegration process’s fast dynamics. 

The total time for complete wetting of the tablet was 7 mins. In the experiment, 100 

uninterrupted tomograms at a temporal resolution of 4 s (200 projections/360°, 20 ms 

exposure time) per rotation could be obtained while the tablet absorbed water and swelled. 

The voxel size of the scan was 13 μm, small enough to visualize the deformation mechanics 

inside of the sample.

2.3. Microstructure reconstruction and segmentation

Time-resolved micro-CT images were processed using the software Dragonfly from 

Object Research Systems (Dragonfly 2022.1 [Computer software], 2022). Microstructure 

reconstruction and segmentation were realized following a multi-step process. Firstly, after 

cropping the images to reduce sources of outside noise, the range of attenuation values (i.e., 

densities) corresponding to the solid tablet throughout the experiment was identified. This 

range accounted for both dry and wet material, and it was different for tablets with different 
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initial relative densities or porosities. Next, the range of attenuation values (i.e., of densities) 

of the wet tablet was identified from the time-stamp at which the water absorption process 

reached steady-state conditions (i.e., the tablet is entirely wet). Table 1 shows the range of 

attenuation values for all four relative densities ρin−die. Lastly, at every time-stamp t recorded 

during the time-resolved micro-CT test, the total volume of the tablet V total and the volume 

of the wet portion V wet was computed using Dragonfly, the volume of the dry portion of the 

tablet follows from

V total t = V dry t + V wet t

(1)

It is worth noting that the total volume of the tablet excludes the cracks formed during the 

water absorption process, which are resolved by the micro-CT scan. For consistency, the 

tablet’s total volume and its wet portion were compared at the last time-stamp recorded 

and verified to be under 5% from each other for all four relative densities. This small 

inconsistency is adopted as the absolute error in estimating total tablet volume, which is then 

propagated throughout the calculations presented next in this section.

Various studies have been performed to understand microstructural changes within the wet 

portion of the tablet due to water penetration and swelling. Suzuki et al. (2022) studied 

water absorption inside orally disintegrating tablets using X-ray CT. Four formulations 

consisting of D-mannitol, microcrystalline cellulose, light anhydrous silicic acid, dextrin, 

aspartame, magnesium stearate, and donepezil hydrochloride were characterized. They 

observed that porous regions of voids up to 20 μm appeared inside the tablet after water 

absorption due to the break-up of bonds between particles and/or mannitol dissolving into 

the water. Schuchard and Berg (1991) studied the wicking of a composite of cellulose 

and superabsorbent carboxymethyl cellulose fiber networks, namely, two-dimensional fiber 

networks such as paper strips and three-dimensional fiber networks such as fluff pads. They 

observed that the inter-fiber pore network partially constricts due to fiber swelling. They 

quantified this change in morphology by a permeability factor, defined as the ratio of the 

swollen state wicking-equivalent radius to that in the unswollen state. Markl et al. (2017) 

developed models for liquid penetration in a swelling porous medium for micro-crystalline 

cellulose tablets by assuming that the rate of increase of the dry particles’ volume is equal to 

the volumetric rate of liquid absorption by solid matrix. However, studies about the dynamic 

change of tablet microstructure and porosity due to water penetration inside the tablet are 

rarely found in the open literature. In the following study, the volume of water absorbed by 

the tablet V water will be determined under the assumption that the swelling process is strictly 

additive in volume, that is, the volume of the wet and swollen excipient is equal to the 

volume of dry excipient plus the volume of water (Markl et al., 2017; Soundaranathan et 

al., 2020). The pore structure within the wet region is assumed to be occupied with water 

during absorption. Lastly, due to the lack of direct experimental evidence, the following two 

limiting scenarios for describing pore structure changes due to swelling are investigated:

1. Tablet porosity is fixed during the swelling process, as shown in Fig. 3(a).
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2. Tablet porosity constricts with time during the swelling process and eventually 

closes at the infinite time or steady-state conditions, as shown in Fig. 3(b).

These two scenarios and the formation of cracks are discussed next in turn.

Tablet porosity is fixed during the swelling process.—The water inside the 

polymer V water
exc  is then given by

V water
exc t = V total t − V total 0 1 − ϵ0

(2)

and the water inside the pore structure V water
void  is given by

V water
void t = ϵ0V wet t

(3)

Hence, the volume of water absorbed by the tablet is equal to

V water t = V total t − V total 0 1 − ϵ0 + ϵ0V wet t

(4)

It is worth verifying that at t = 0, V water 0 = V wet 0 ϵ0 = 0, and noting that at t ∞, 

V total ∞ = V wet ∞  and, thus, V water ∞ = V total ∞ − V total 0 1 − ϵ0 .

Tablet porosity constricts and closes during the swelling process.—Tablet 

porosity ϵ t  depends on time and it is assumed to follow

ϵ(t) = ϵ0 1 − V wet t
V total t

(5)

with ϵ 0 = ϵ0 and ϵ ∞ = 0. Hence, incorporating the time dependency in Eq. (4), the volume 

of water absorbed by the tablet is equal to

V water t = V total t 1 − ϵ t − V total 0 1 − ϵ 0 + ϵ t V wet t

(6)

and, by using Eq. (5), it simplifies to

V water(t) = V total t − V total 0 1 − ϵ0 + ϵ0V wet(t) 2 − V wet(t)
V total t

(7)
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It is worth noting that Eqs. (4) and (7) have the same limit at t ∞, that is 

V water ∞ = V total ∞ − V total 0 1 − ϵ0 . Furthermore, the water absorbed by the polymer is equal 

to

V water
exc t = V total t − V total 0 1 − ϵ0 + ϵ0V wet t

(8)

and the water inside the pore space is equal to

V water
void (t) = ϵ(t)V wet(t) = ϵ0 1 − V wet(t)

V total(t) V wet(t)

(9)

Formation of cracks.—The volume of cracks formed during the water absorption 

process V cracks is approximated using Dragonfly to estimate the volume of a cylinder that 

circumscribes the tablet V cyl, and then from

V cyl(t) = V total(t) + V cracks(t)

(10)

Due to software limitations, the circumscribed cylinder was manually adjusted to fit over 

the non-uniformly swollen tablet while attempting to strike a balance between overestimated 

and underestimated regions.

3. Results

The microstructure reconstruction and segmentation method described in Section 2.3 is 

followed to estimate the time evolution of total tablet volume. Fig. 4 shows that the total 

volume of the tablet at steady state conditions, that is, at a fully swollen state, increases 

with decreasing relative density. Furthermore, all tested tablets exhibit a period of time 

during which the rate of water uptake increases, as opposed to the otherwise decreasing 

trend in the rate of water uptake observed throughout the test, as shown in Fig. 5. For 

example, for the tablet with a relative density of 0.95, the rate of water uptake has a 

decreasing trend throughout the entire test except between 130 and 160 s. This change in 

curvature in the total tablet volume curve occurs when the tablet undergoes significant crack 

formation. Inserts in Fig. 4 show snapshots of tablet cross-sections at the beginning and 

the end of this non-monotonic region of the rate of water uptake. It is evident from the 

figures that (i) at the onset of this behavior, dry regions still exist within the tablet, and 

cracks are incipient, and (ii) at the end of this behavior, cracks are arrested, and most of 

the tablet is wet. The figures also indicate that with increasing relative density or decreasing 

tablet porosity, cracks form later and take longer to be arrested. Moreover, Figs. 6, 8, 

10, and 12 show in greater detail the time evolution and two-dimensional morphology of 

crack formation and water absorption. In addition, Figs. 7, 9, 11, and 13 show in greater 

detail the time evolution and three-dimensional morphology of crack formation and water 

absorption. These figures are reconstructed from the time-resolved micro-CT images, and 
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they illustrate the three-dimensional disintegration pattern of the sample. As tablets absorb 

water, micro-cracks form in the wet region and propagate horizontally, i.e., on the plane 

perpendicular to water absorption and tablet compaction. The dry–wet interface is conical 

in shape, i.e., it propagates faster at the tablet boundaries. Figures indicate that larger cracks 

form towards the top of the tablet, where the conical interface eventually closes onto the 

top surface (see https://doi.org/10.1016/j.ijpharm.2023.123565supplemental material (water 

absorption videos)). It is known that the top corners and middle bottom half are denser 

than the top center and bottom corners of flat-faced tablets (see, e.g., Eiliazadeh et al. 

(2003)). This non-uniformity in porosity is due to frictional forces between the tooling and 

tablet during compaction. The plausible relationship between crack formation and the small 

non-uniformity in porosity can be elucidated by performing a high spatial resolution and 

time-consuming scan before conducting coarser but faster time-resolved imaging, if beyond 

the scope of this work.

Fig. 14 shows the time evolution of water volume absorbed inside the tablet for the two 

limiting scenarios considered here, namely (i) if tablet porosity is assumed fixed during the 

swelling process, i.e., Eq. (4), and (ii) if tablet porosity is assumed to constrict and close 

during the swelling process, i.e., Eq. (7). It is evident from the figures that, regardless of the 

limiting scenario considered, tablets having a smaller relative density absorb more water at 

a faster rate. Fig. 15 shows the water absorbed by the pore space under these two limiting 

scenarios, i.e., Eqs. (3) and (9) are used. If tablet porosity is assumed fixed during swelling, 

the water absorbed by the pore space initially increases at a nearly constant rate, and it then 

reaches a maximum (see Fig. 15(a)). If tablet porosity is assumed to constrict and close 

during swelling, the water absorbed by the pore space reaches a maximum and, eventually, 

the water is squeezed out before pores close (see Fig. 15(b)). It is evident from the figures 

that, regardless of the limiting scenario considered, tablets having a smaller relative density 

absorb more water due to the higher availability of void space. Fig. 16 shows the water 

absorbed by the excipients. Specifically, if tablet porosity is assumed fixed during swelling, 

Eq. (2) is used, and the water inside the excipients (i.e., 136.2 mg of Avicel PH 200) is 

recovered to be independent of tablet relative density or the degree of deformation of the 

particles in the blend (see Fig. 16(a)). In contrast, if tablet porosity is assumed to constrict 

and close during swelling, Eq. (8) is used, and the water inside the excipients is recovered to 

be dependent on tablet relative density (see Fig. 16(b)). It bears emphasis that the results in 

Fig. 16(a) are not enforced by Eq. (2), but they are rather an outcome of the methodology to 

interpret the fast time-resolved micro-CT images.

Lastly, Fig. 17 shows the time evolution of crack volume determined using the methodology 

described in the previous section and Eq. (10). These results indicate that larger cracks are 

formed in tablets with smaller relative densities. As noted above, cracks form later and 

take longer to be arrested in tablets with higher relative densities. This observation suggests 

that tablet disintegration starts earlier at smaller relative densities. Moreover, significant 

crack formation happens between 90–200 s for tablets with all relative densities. During 

this period, the rate of water uptake has an increasing trend, as shown in Fig. 5. The figure 

also suggests that the formation and arresting of crack propagation is a discrete sequence 

of events during the water absorption process. At smaller tablet densities, the evolution of 

crack volume resembles a piece-wise constant function, indicating that large cracks rapidly 
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form and are either arrested or emerge from the domain of the tablet. In contrast, at higher 

tablet densities, the evolution of crack volume is smoother and comprises smaller cracks. 

This observation suggests that tablet disintegration is faster and more pronounced at smaller 

relative densities (see https://doi.org/10.1016/j.ijpharm.2023.123565supplemental material 

(water absorption videos)). In closing, the connection with tablet disintegration processes 

is evident, and the utilization of fast time-resolved micro-CT imaging to elucidate these 

processes is a worthwhile direction for future research.

3.1. Physical interpretation

This section will provide a physical interpretation of the first limiting scenario proposed in 

Section 2.3 where tablet porosity is assumed fixed during the swelling process. Precisely, we 

will aim at identifying the water pathways as they fill the pore structure and it is absorbed by 

the swelling excipients. For the second limiting scenario, porosity is assumed to be a linear 

function of time, as there is a lack of experimental evidence for how the tablet porosity 

evolves with time during swelling. Hence, a physical interpretation of the second scenario is 

not attempted.

Water penetration inside a porous sample due to capillary pressure is typically modeled 

by the Lucas–Washburn theory (Hamraoui and Nylander, 2002). The rate of water uptake 

depends on the mean effective capillary radius of the pore structure re, the contact angle 

between the liquid and solid θ, the surface tension of the liquid γ, and the viscosity of the 

liquid η (Washburn, 1921). Many excipients, such as microcrystalline cellulose, are porous 

and have an intra-particle pore structure characterized by a mean effective capillary radius 

re
intra. Similarly, compacted tablets have an inter-particle pore structure characterized by a 

mean effective capillary radius re
inter. Hence, we assume that water is absorbed due to capillary 

pressure either by the inter- or the intra-particle pore structure of the interconnected network 

of excipient particles. In addition, we assume that the absorbed water is immediately 

absorbed by the swelling excipient particles from the inter-particle pore network if the 

former is true or immediately expelled from the swelling particles into the inter-particle pore 

structure if the latter is true. Hence, for a given position of the dry–wet interface inside 

the tablet, we assume that the volume of water absorbed under these two scenarios will 

be the same, albeit taking place at different time scales since re
inter ≫ re

intra for deformable 

microcrystalline cellulose particles (similarly, we assume ϵinter = ϵ0 ≫ ϵe
intra). We will then 

discern between these two scenarios by comparing the mean effective capillary radius re

estimated from the experimental results presented in Section 3 with predictions of a process-

based pore network model construction, as well as experimental measurements.

The height of the liquid front L in a porous medium exposed to liquid from the bottom, i.e., 

the dry–wet interface, is expressed by the well-known Washburn equation (Washburn, 1921). 

The rate of liquid penetration L̇ is then given by

L̇ = dL
dt = reγ cos θ

2η
1

2 t

(11)
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where re = rℎ
2/r depends on the porosity of the solid, with rℎ and r being the mean hydraulic 

and pore radii. Here, we assume that rℎ = r (Golman et al., 2005) (i.e., r = re = rℎ). Braido 

et al. (2012) studied water penetration into a pharmaceutical tablet using video image 

processing. They used both the Washburn model and the molecular absorption model (see, 

e.g., Vesely (2001)) to capture the experimental trend of water penetration depth into the 

tablet, and they concluded that, for the complex formulation, none of the models is sufficient 

to capture all different physical mechanisms governing liquid penetration into the tablet. An 

approach based on Darcy’s law has also been used to model liquid penetration into a porous 

medium (Markl et al., 2017; Masoodi et al., 2007; Markl and Zeitler, 2017) and, as it is also 

the case of the Washburn equation. It captures the initial phase of the experimental trend, but 

it does not capture the later phase when water penetration is very slow and reaches a plateau 

(see Fig. 15(a)).

Here, we couple liquid penetration due to capillary pressure described by the Lucas–

Washburn theory with the first-order swelling kinetics of the excipients to provide a physical 

interpretation of the experimental observations derived from the first limiting scenario 

proposed in Section 2.3. Therefore, from ϵinter = ϵ0 ≫ ϵe
intra, the volume of water absorbed 

by the excipients is proportional to the height L, the horizontal cross-sectional area A of the 

dry tablet and the solid fraction of the solid 1 − ϵ0  (Hattori and Otsuka, 2011; Otsuka et al., 

2014), that is

V water
exc t = reγcos θ

2η ∫
0

τ A 1 − ϵ0

2 t
wet solid: capillary intake

xexcWAC ρtrue
ρH2O

1 − e−k(t − t )

swelling kinetics

dt

= 1 − ϵ0
A2reγcos θ τ

2η xexcW AC ρtrue
ρH2O

1 − F kτ
kτ e−k t − τ

with τ = min t, 2H2η/reγcos θ

(12)

where F ⋅  is the Dawson integral, xexc = 0.89 is the concentration (w/w) of the excipients 

that undergo swelling, and 2H2η/reγcos θ is the time of arrival of the wet front to the top 

surface of the tablet with dry height H. The only ingredient in the current formulation that 

swells is Avicel PH 200. In the above equation, WAC% is the water absorption capacity of 

the excipients, ρH2O = 1 mg/mm3 is the density of water, ρtrue = 1.53 mg/mm3 is the true density 

of the powder blend, k is the swelling rate constant for the first-order swelling kinetics 

(Schott, 1992a,b). WAC (w/w) is a material property that expresses the maximum water 

absorbed by a material as a percent of dry mass (Witono et al., 2014). Similarly, the water 

inside the pore space is given by

V water
void (t) = ϵ0

A2reγcos θ τ
2η 1 + xexc W AC ρtrue

ρH2O
1 − F( kτ)

kτ e−k(t − τ)

swollen fraction
total volume of the tablet after swelling
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(13)

Hence, the total volume of water inside the tablet is

V water(t) = V water
exc (t) + V water

void (t)

= A2reγ cos θτ
2η ϵ0 + xexcWAC ρtrue

ρH2O
1 − F kτ

kτ e−k t − τ

(14)

A parameter identification method has been developed based on a nonlinear multivariate 

minimization problem. The method minimizes the sum of squared error SSE between 

experimental data ℰi and model predictions ℳi by choosing optimal model parameters P− , 

that is

P = arg min
P ∈ ℝ+

Φ(P) = arg min
P ∈ ℝ+

∑
i = 1

n
ℳi(P) − ℰi 2

(15)

where n is the total number of experimental data points. The set of model parameters is 

given by

P ≡ WAC, k, re ϵ

(16)

The nonlinear multivariate minimization problem was solved in MATLAB (MATLAB 

version 9.8.0.1380330 (R2020a), 2020) using the constrained optimization function 

fmincon with the default interior-point algorithm. Specifically, by using the properties 

of the powder blend, the tablet, and the liquid, Eqs. (12) and (13) are used with the 

experimental data in Figs. 16(a) and 15(a), respectively, to estimate model parameters WAC, 

k, and re (see Tables 2 and 3). The agreement between the model and the experimental data 

is remarkable, as shown in 18, except for the period when the rate of water uptake was 

observed to exhibit a non-monotonic trend and cracks form (cf. Figs. 4, 5, and 17, and the 

discussion in Section 3).

The estimation of confidence intervals of model predictions is described next in turn. 

First, we incorporate the error of the experimental data by forward uncertainty propagation 

(Owen, 2013; Guo, 2020). We assume the forward uncertainty follows a normal distribution 

with 95% confidence interval lying within the experimental error bound. The influence of 

the error of input data through the models to output model parameters is then evaluated by 

propagating the error with a Monte Carlo simulation approach (Anderson, 1976; Hong et al., 

2006). At the end of this step, we obtain an ensemble of estimated model parameters which 

has uncertainty coming from model predictions. The covariance matrix for each set of model 

parameters is approximated as
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covP ≈ Φ(P−)
dof [∇2Φ(P−)]−1

(17)

where the objective function Φ, i.e., Eq. (15), and its Hessian ∇2Φ are evaluated at the 

optimal model parameters P−  (see, e.g., Casas-Orozco et al. (2021), Barz et al. (2015), 

Fessler (1996) and Ferdoush and Gonzalez (2023)). In the above equation, the degrees 

of freedom dof are the difference between the number of data points and the number of 

model parameters. It is worth noting that the covariance matrix is non-diagonal, i.e., model 

parameters are correlated with respect to each Gaussian random variable N(P−, covP). The 

parameters are sampled other. Hence, we assume that the model parameters are multivariate 

using a Monte Carlo approach to derive 95% confidence intervals of model functions V water
void (t)

and V water
exc (t), as shown in Fig. 18.

If tablet porosity is assumed fixed during the swelling process, estimations shown in Fig. 

16(a) indicate that the water absorbed by the excipient is independent of tablet relative 

density or the level of densification of the material. This swelling behavior is characterized 

by WAC (w/w). Tomer et al. (2001) reported water retention of Avicel PH 102 particles 

equal to 64.4% from samples centrifuged for 30 min at 5500 rpm. Nikolakakis et al. 

(2006) studied that the water retention of Avicel PH 101 tablets changes with centrifugation 

time if centrifuged at 2500 rpm for less than 5 min and that otherwise, changes are 

negligible. Evidently, the water retention of Avicel PH 102 particles or Avicel PH 101 

tablets after centrifugation, and the water absorption capacity of Avicel PH 200 tablets are 

not comparable. However, microcrystalline cellulose water retention values reported in the 

literature are close to the WAC values estimated for the tablets studied in this work, i.e., to 

79% (see Table 2).

The estimated value of k is 0.10 1/s, which is close to the values found in the literature. 

Bahadoran Baghbadorani et al. (2020) reported 0.016 1/s as the value of k for hydrogel with 

5% reinforced cellulose nano fiber. Ogawa et al. (1993) reported a swelling rate constant in 

the order of 0.01 1/s for sodium polyacrylate, which is a hydrophilic polymer.

The estimated capillary radii re (see Table 3) are of the same order of magnitude of the value 

9.8 nm estimated by Markl et al. (2017) from the Washburn equation for radially confined 

tablets made of 100% Avicel PH 102 and porosity 0.10. It is worth noting that Avicel 

PH 200 and Avicel PH 102 have different particle size distributions—with a mean particle 

size of 200 μm ((Pharma), 2020) for the former and 100 μm (Markl et al., 2017) for the 

latter. In addition, Martins and Gonzalez (2022) used a process-based pore network model 

to show that the inter-particle hydraulic radius is approximately 1% of the particle size 

for a die-compacted monodisperse spherical packing (Fig. 19). This process-based method 

applies to granular packings under large deformations and it uses the particle mechanics 

approach for modeling the consolidation of powders under large deformations (Gonzalez 

and Cuitino, 2012; Gonzalez and Cuitiño, 2016; Yohannes et al., 2016, 2017; Gonzalez, 

2019). Therefore, we conclude that water penetration is dominated by intra-particle porosity, 
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rather than inter-particle porosity since the effective capillary radius re is 0.0037% of the 

mean particle size.

It bears emphasis that the agreement between estimated model parameters and values 

reported in the literature is solely derived from the time-resolved micro-CT images adopting 

the assumption that tablet porosity is fixed during the swelling process, which is suggestive 

of the validity of the assumption as well as the feasibility of the imaging technique to 

investigate water uptake, swelling and disintegration of immediate-release pharmaceutical 

tablets.

4. Conclusion

We have used dynamic micro-CT with a high temporal resolution to visualize water 

penetration through the porous network of immediate-release pharmaceutical solid tablets 

and characterize dynamic swelling and disintegration mechanisms. We have processed the 

micro-CT images using two theoretical limiting scenarios that reflect different paths of pore 

structure evolution: a scenario where tablet porosity remains constant during the swelling 

process and a scenario where the tablet porosity progressively diminishes and eventually 

closes during the swelling process. We have calculated the time evolution of the volume of 

water absorbed by the tablet and, specifically, absorbed by the excipients and by the pore 

structure, as well as the formation and evolution of cracks. In turn, the three-dimensional 

disintegration pattern of the tablets was reconstructed. Regardless of the limiting scenario, 

tablets with smaller relative densities absorb more water due to the higher availability of 

void space. Moreover, larger cracks are formed in tablets with smaller relative densities. 

This observation suggests that tablet disintegration is faster and more pronounced at smaller 

relative densities. Restricting attention to the limiting scenario where tablet porosity is 

assumed fixed during the swelling process, we have proposed a model that couples liquid 

penetration due to capillary pressure described by the Lucas–Washburn theory with the 

first-order swelling kinetics of the excipients to provide a physical interpretation of the 

experimental observations. The model assumes that swelling kinetics starts as soon as the 

water is absorbed by the interconnected network of excipients particles, either through 

inter-particle or intra-particle porosity. Next, we have developed a parameter identification 

method based on a nonlinear multivariate minimization problem of the SSE between water 

absorption experimental data and model predictions. The estimated model parameters are 

in agreement with values reported in the literature, and they indicate that water penetration 

is dominated by intra-particle porosity rather than inter-particle porosity. Lastly, it is worth 

noting that the agreement between estimated model parameters and values reported in 

the literature was solely derived from the time-resolved micro-CT images adopting the 

assumption that tablet porosity is fixed during the swelling process, which is suggestive 

of the validity of the assumption as well as the feasibility of the imaging technique to 

investigate water uptake, swelling and disintegration of immediate-release pharmaceutical 

tablets.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Experimental setup of TESCAN UniTOM HR. The tablet absorbs water from the styrofoam. 

The tablet is rotated uninterruptedly with the help of the rotating table. High temporal 

resolution and continuous scanning of the entire water absorption process were obtained 

using the state-of-the-art nano-focus X-ray source and high-quality detectors.
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Fig. 2. 
Schematic of TESCAN UniTOM HR.
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Fig. 3. 
Simplified schematic of a dry and wet/swollen tablet. The white area represents dry tablet, 

and the gray area represents wet and swollen tablet. (a) Porosity is assumed fixed during 

swelling, the pore space of the dry area is filled with air, and the wet area is filled with water. 

(b) Porosity is assumed to close during swelling, the pore space of the dry area is filled with 

air, and the wet area does not have any pore space at steady state conditions.
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Fig. 4. 
Time evolution of total tablet volume. Inserts depict snapshots of tablet cross-section with 

dry (orange) and wet/swollen (gray) regions taken at the beginning and at the end of the 

non-monotonic region in water uptake rate. (a) ρin−die = 0.80, snapshot at 110.2 and 147.9 s. 

(b) ρin−die = 0.85, snapshots at 121.8 and 176.9 s. (c) ρin−die = 0.90, snapshots at 113.1 and 182.7 

s. (d) ρin−die = 0.95, snapshots at 130.5 and 197.2 s.
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Fig. 5. 
Rate of water uptake.
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Fig. 6. 
Fast water uptake by tablet of relative density 0.80. Orange corresponds to the dry tablet and 

gray corresponds to wet and swollen tablet. Images show water absorption at timestamps 

14.5, 52.2, 89.9, 118.9 and 153.7 s.
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Fig. 7. 
Fast water uptake by tablet of relative density 0.80. Dark gray corresponds to the dry tablet 

and red corresponds to wet and swollen tablet. Images show water absorption at timestamps 

14.5, 29, 110.2, 121.8, and 348 s.
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Fig. 8. 
Fast water uptake by tablet of relative density 0.85. Orange corresponds to the dry tablet and 

gray corresponds to wet and swollen tablet. Images show water absorption at timestamps 

14.5, 52.2, 92.8, 130.5 and 185.6 s.
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Fig. 9. 
Fast water uptake by tablet of relative density 0.85. Dark gray corresponds to the dry tablet 

and red corresponds to wet and swollen tablet. Images show water absorption at timestamps 

14.5, 29, 121.8, 147.9 and 382.8 s.
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Fig. 10. 
Fast water uptake by tablet of relative density 0.90. Orange corresponds to the dry tablet and 

gray corresponds to wet and swollen tablet. Images show water absorption at timestamps 

14.5, 52.2, 95.7, 127.6 and 188.5 s.
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Fig. 11. 
Fast water uptake by tablet of relative density 0.90. Dark gray corresponds to the dry tablet 

and red corresponds to wet and swollen tablet. Images show water absorption at timestamps 

14.5, 29, 113.1, 142.1, and 295.8 s.
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Fig. 12. 
Fast water uptake by tablet of relative density 0.95. Orange corresponds to the dry tablet and 

gray corresponds to wet and swollen tablet. Images show water absorption at timestamps 

17.4, 58, 98.6, 133.4 and 211.7 s.
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Fig. 13. 
Fast water uptake by tablet of relative density 0.95. Dark gray corresponds to the dry tablet 

and red corresponds to wet and swollen tablet. Images show water absorption at timestamps 

14.5, 29, 130.5, 165.3, and 292.9 s.
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Fig. 14. 
Total volume of water absorbed by the tablet. (a) Porosity is assumed fixed during swelling, 

Eq. (4) is used to generate the results. (b) Porosity is assumed to close during swelling, Eq. 

(7) is used to generate the results.
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Fig. 15. 
Water absorbed by the pore space. (a) Porosity is assumed fixed during swelling, Eq. (3) is 

used to generate the results. (b) Porosity is assumed to close during swelling, Eq. (9) is used 

to generate the results.
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Fig. 16. 
Water absorbed by the excipients. (a) Porosity is assumed fixed during swelling, Eq. (2) is 

used to generate the results. (b) Porosity is assumed to close during swelling, Eq. (8) is used 

to generate the results.
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Fig. 17. 
Formation of crack inside the tablet over time.
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Fig. 18. 
Water absorption plots. Circles represent experimental data and lines represent predictions, 

with dashed curves being the 95% confidence interval of the prediction. (a) Water absorbed 

by the excipients (using Eq. (12) and experimental data in Fig. 16(a)). (b) Water absorbed by 

the pore space (using Eq. (13) and experimental data in Fig. 15(a)).
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Fig. 19. 
Pore-space statistical signature of a die-compacted monodisperse spherical packing at five 

different relative densities. The hydraulic radius, Rℎ = V t/St, is calculated from figure 11 in 

Martins and Gonzalez (2022), and R‾ p is the particle radius.
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Table 1

Range of attenuation values for tablets of different in-die relative density (ρin−die).

ρin−die 80% 85% 90% 95%

V wet 21055–64200 18000–54224 17700–47482 21400–61673

V total 16000–64200 14700–54224 14400–47482 16000–61673
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Table 2

Properties of the powder blend and the liquid (Markl et al., 2017; Steele et al., 2008). Particle coating and 

lubrication conditions may affect the contact angle θ (Kristó et al., 2010). Estimated model parameters are 

reported with 95% confidence intervals.

Property Unit Value Estimation

γ N/m 72.3 × 10−3 –

θ 64.3° –

η Pa s 1.002 × 10−3 –

WAC w/w – 79.6% ± 0.7%

k 1/s – 0.10 ± 0.02
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Table 3

Estimated effective capillary radius is reported with 95% confidence intervals.

ρin−die Tablet porosity ϵ0 Estimated value of re [nm]

0.80 0.26 10.0 ± 0.8

0.85 0.23 7.3 ± 0.5

0.90 0.17 6.9 ± 0.3

0.95 0.14 5.5 ± 0.3
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