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Abstracts 1 

Tabletability is an outcome of interparticulate bonding area (BA) – bonding strength (BS) interplay, 2 

influenced by the mechanical properties, size and shape, surface energetics of the constituent 3 

particles, and compaction pressure.  Typically, a more plastic active pharmaceutical ingredient 4 

(API) exhibits a better tabletability than less plastic APIs due to the formation of a larger BA 5 

during tablet compression. Thus, solid forms of an API with greater plasticity are traditionally 6 

preferred if other critical pharmaceutical properties are comparable.  However, the tabletability 7 

flip phenomenon (TFP) suggests that a solid form of an API with poorer tabletability may exhibit 8 

better tabletability when formulated with excipients. In this study, we propose another possible 9 

mechanism of TFP, wherein softer excipient particles conform to the shape of harder API particles 10 

during compaction, leading to a larger BA under certain pressures and, hence, better tabletability.  11 

In this scenario, the BA-BS interplay is dominated by BA. Accordingly, TFP should tend to occur 12 

when API solid forms are formulated with a soft excipient. We tested this hypothesis by visualizing 13 

the deformation of particles in a model compressed tablet by nondestructive micro-computed 14 

tomography and by optical microscopy when the particles were separated from the tablet. The 15 

results confirmed that soft particles wrapped around hard particles at their interfaces, while an 16 

approximately flat contact was formed between two adjacent soft particles. In addition to the direct 17 

visual evidence, the BA-dominating mechanism was also supported by the observation that TFP 18 

occurred in the p-aminobenzoic acid polymorph system only when mixed with a soft excipient. 19 

 20 

Key words: tabletability, tabletability flip, bonding area, bonding strength, plasticity, mixtures, 21 

particle deformation 22 
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1. Introduction 23 

The oral tablet is a preferred pharmaceutical dosage form for drug delivery due to its 24 

excellent physical and chemical stability, ease of administration, precise dosing, customized 25 

dissolution performance, high manufacturing efficiency and low manufacturing cost (Nyol and 26 

Gupta, 2013; Rudnic, 2002; Ubhe and Gedam, 2020). For a tablet product to be successful, it must 27 

possess adequate mechanical strength to remain intact post manufacturing until administration by 28 

consumers.  This necessitates sufficient tabletability - the ability of a powder to form a tablet of 29 

specific strength under the effect of compaction pressure (Sun and Grant, 2001).  30 

Tabletability is determined by the interplay between bonding area (BA) and bonding 31 

strength (BS) between the particles, with the former influenced by their mechanical properties, 32 

particulate properties, and compaction conditions, and the latter influenced by the nature of the 33 

materials (Sun, 2011). For examples, plastic deformation of ductile powders during die 34 

compression also explains the strength anisotropy (stronger along the radial direction than the 35 

compaction direction) (Galen and Zavaliangos, 2005). Successful simulation of plastically 36 

deforming powder compaction requires accurate mechanical properties as input parameters (Cocks 37 

and Sinka, 2007). Particle size can affect, sometimes significantly, tabletability of materials 38 

(Mckenna and Mccafferty, 1982; Paul et al., 2019).  It is also well known that tableting 39 

performance is also affected by the process parameters employed during tablet manufacturing 40 

(Sinka et al., 2009). Typically, a more plastic active pharmaceutical ingredient (API) can undergo 41 

more extensive plastic deformation under compression, resulting in a larger BA and better 42 

tabletability (Chang and Sun, 2017; Chen et al., 2022; Hu et al., 2019). Therefore, a more plastic 43 

solid form of an API is generally preferred for formulation development due to its enhanced 44 

tabletability. However, the occurrence of  the tabletability flip phenomenon (TFP), where a less 45 

plastic API with poorer tabletability can exhibit better tabletability when formulated in the same 46 

excipient matrix (Paul et al., 2020; Wang et al., 2023), calls for caution in such preferences. 47 

Previous studies have indicated that TFP tends to manifest when the compaction pressure is high 48 

or when there is a significant difference in plasticity between two solid forms (Wang et al., 2023). 49 

Understanding the mechanism of TFP is critical for predicting the compaction properties of 50 

mixtures, providing invaluable insights for efficient and reliable tablet formulation design.   51 

A previously proposed mechanism suggests that TFP results from a shift in the dominating 52 

factor in the BA-BS interplay from BA to BS upon formulation (Paul et al., 2020).  In other words, 53 
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the previous mechanism assumes that BAs of mixtures do not differ significantly when two APIs 54 

are mixed with a more plastic excipient. Consequently, the tabletability of a mixture is higher for 55 

the less plastic API, which exhibits a higher BS. This mechanism holds true only if the excipient 56 

is significantly softer than both API forms, satisfying the assumption of comparable BA in the 57 

tablets of the two mixtures. However, this condition was not always satisfied in the previous cases 58 

of TFP. Hence, a different mechanism is required to explain the TFP when the plasticity of the 59 

excipient is not significantly higher than both API solid forms. A correct mechanistic 60 

understanding of the TFP is essential for developing effective strategies to either overcome the 61 

TFP or guide the design of tablet formulation for better tabletability (Sun, 2009).  Accordingly, we 62 

carried out this work to explore an alternative mechanism of TFP.  63 

   64 

 65 

2. BA dominating mechanism 66 

 When only one type of constituent particles is present, the ease of deformation is the same 67 

for two adjacent particles during compression. Consequently, a flat contact area is formed between 68 

adjacent particles.  In this case, the BA for a less plastic material is smaller (Figure 1a, b). It follows 69 

that, under identical compaction conditions, a softer API undergoes more extensive plastic 70 

deformation, leading to a larger BA and better tabletability. In contrast, an intact tablet may not be 71 

obtained for very hard particles if the compaction pressure does not induce a significant degree of 72 

plastic deformation, resulting in a negligible BA. The situation changes when the contact involves 73 

two particles with different plasticity.  In such cases, the contact area is not flat, and the more 74 

extensive plastic deformation of the softer particle results in its “wrapping” around the harder 75 

particle. This scenario is consistent with observations made in some other studies.  It was shown 76 

that the lead (soft)-Al2O3 (hard) tablets obtained by cyclic pressing had higher strength than those 77 

made by static pressing (Zavaliangos and Laptev, 2000).  This was because that soft lead can 78 

further deform during repeated compaction steps to fill up more void in the tablet, resulting in 79 

larger BA and higher tablet density. Moreover, lead-lead and lead-alumina contacts deform easier 80 

and contribute to densification more than the contact of alumina-alumina. For accurate numerical 81 

simulation of compaction behaviors of solid mixtures with very different mechanical properties 82 

(rigid vs. soft), it is also important to recognize that the development of contact area between two 83 

particles during compaction is dominated by the softer particle (Li et al., 2009). 84 
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 85 

Figure 1. The bonding area-dominating mechanism for the tabletability flip phenomenon.  86 

 87 

In the case of a mixture comprising a soft API and a soft excipient, a flat contact between 88 

adjacent particles is expected during compaction, similar to that between two soft API particles 89 

(Figure 1a, c). On the other hand, in a mixture of a soft excipient and a hard API, the soft excipient 90 

particles will undergo more plastic deformation than the hard API particles during compaction.  91 

This could result in a contact zone where the soft particle conforms to the shape of the hard API 92 

particle (Figure 1d). This phenomenon is analogous to a hard tip penetrating into a soft surface 93 

during an indentation experiment, leading to a larger BA than that between soft and soft particles. 94 

As a consequence, while the harder API by itself exhibits poorer tabletability than the softer API 95 

due to a smaller BA (Figure 1b), the presence of a soft excipient can result in a mixture with better 96 

tabletability for the harder API than for the softer API, thus demonstrating the tabletability flip 97 

phenomenon. Importantly, this mechanism predicts an absence of TFP when a hard excipient is 98 

mixed with the same two APIs, assuming that there are no significant differences in the BS or 99 

other pertinent properties between corresponding systems.  This is because a harder API would 100 

still result in a smaller BA in such a mixture than a softer API.  101 

To validate the described mechanism, we conducted a direct examination of the differential 102 

particle deformation behaviors responsible for the TFP on a model tablet using micro-computed 103 

tomography (micro-CT) and optical microscopy. The mechanism was further confirmed by 104 

successfully producing TFP between two p-aminobenzoic acid (ABA) polymorphs in the presence 105 

a) 

b) 

c) 

d) 
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of a soft excipient, microcrystalline cellulose (MCC), as well as showing the absence of TFP when 106 

a hard excipient, calcium hydrogen phosphate dihydrate (DCPD), was used.  107 

3. Materials and methods 108 

3.1 Materials  109 

PlayDoh (Hasbro, Pawtucket, RI, USA), glass beads with a diameter of 1 mm (Thermo 110 

Fisher Scientific, Fair Lawn, NJ, USA), magnesium stearate (MgSt; Covidien; Dublin, Ireland), p-111 

Aminobenzoic acid α form (ABAα, Thermo Scientific Chemicals, Waltham, MA, USA), 112 

Microcrystalline cellulose (MCC; Avicel PH105, FMC; Newark, DE, USA), Calcium Hydrogen 113 

Phosphate Dihydrate (DCPD, Emcompress®, JRS Pharma; Patterson, NY, USA), and Methanol 114 

(Sigma-Aldrich; St. Louis, MO, USA) were purchased from respective vendors and used as 115 

received. Round PlayDoh particles (1 - 2 mm diameter) were prepared manually by rolling. The 116 

sizes of the PlayDoh particles and glass beads were chosen so that the micro-CT images of the 117 

model tablet had sufficient spatial resolution for delineating the contact area between neighboring 118 

particles. 119 

3.2 Methods 120 

3.2.1 Preparation of a model tablet 121 

It was found that the mechanical properties of PlayDoh can be affected by the batch and 122 

color of PlayDoh, and humidity of the environment (Tardos et al., 2004). The dark green PlayDoh 123 

particles from the same batch were coated with a layer of MgSt. A mixture of approximately 30 124 

glass beads (1 mm diameter) and 40 MgSt coated PlayDoh particles was compressed into a model 125 

cylindrical tablet (11.28 mm diameter) by a compaction simulator (Styl’One, Medelpharm, 126 

Beynost, France) at 120 MPa using a saw tooth profile with 40 ms loading and unloading without 127 

a hold at the peak load.  128 

3.2.2 Micro computed tomography (Micro-CT) 129 

Micro-CT is a non-destruction 3D imaging technique that employs X-rays to visualize the 130 

internal structures of a specimen, allowing us to examine the deformation of particles in a tablet 131 

after compression (Busignies et al., 2006). Micro-CT scanning of the glass bead – PlayDoh tablet 132 

was performed right after it was made on a micro-CT machine (XT H 225, Nikon Metrology Inc., 133 
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Brighton, MI, USA), using the following parameters: 90 kV, 110 µA, 708 ms of exposure, 720 134 

projections, 4 frames per projection, and a voxel size of 9.3 μm. The total image acquisition time 135 

was approximately 34 min for each run. 2D projections were subsequently processed to reconstruct 136 

a three-dimensional image of the sample by CT Pro (Nikon Metrology, Belgium). Visualization 137 

and analysis of the reconstructed 3D images was performed using VG Studio 3.4 (Volume 138 

Graphics GmbH, Germany). 139 

 140 

3.2.3 Optical microscopy 141 

Some of the PlayDoh particles and glass beads in the model tablet were manually separated 142 

and their images taken with a StereoZoom microscope (Leica MZ7.5, Feasterville, PA, USA).  143 

 144 

3.2.4 Preparation of an ABA powder 145 

Following a procedure described before (Cruz-Cabeza et al., 2019), the β form of p-146 

aminobenzoic acid (ABAβ) was obtained by suspending excess of the α form (ABAα) in distilled 147 

water at 4 ℃ under stirring for two weeks. The resulting powder was filtered and dried overnight 148 

in a 40 ℃ oven. 149 

 150 

3.2.5 Powder X-ray diffractometry (PXRD) 151 

A powder X-ray diffractometer (PANalytical X’pert pro, Westborough, MA, USA) with 152 

Cu Kα radiation (1.54059 Å) was used to characterize the crystallographic properties of the ABA 153 

powders. Samples were scanned between 5° and 35° in 2θ with a step size of 0.016° and a dwell 154 

time of 1 s/step. The X-ray tube voltage was set to 45 kV and amperage was set to 40 mA. 155 

 156 

3.2.6 Blend preparation 157 

All powders were passed a 355 µm sieve (mesh 460). Binary mixtures consisting of 40% 158 

of either ABA polymorph and 60% of an excipient (either MCC or DCPD) were placed in a 120 159 

mL plastic bottle (Starplex, Cleveland, TN, USA) and mixed using a shaker mixer (Turbula T2F, 160 

Glen Mills Inc., Clifton, NJ, USA) for 15 min at 49 rpm. Then, 1% (w/w) MgSt was added to the 161 

mixture followed by further mixing for 1.5 min.  162 

 163 

3.2.7 True density  164 
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The true density of water-containing powder, MCC, was determined by fitting compaction 165 

pressure (𝑃) – tablet density (𝜌) data to the Sun equation (Sun, 2005). True densities of all other 166 

samples were measured using a helium pycnometer (Quantachrome Instruments, Ultrapycnometer 167 

1000e, Byonton Beach, FL, USA). An accurately weighed sample was placed into the sample cell, 168 

occupying approximately half to three-quarters of the cell volume. The measurement was 169 

concluded once the standard deviation of five successive measurements was less than 0.005% and 170 

the mean of the last five measurements was then taken as the sample’s true density (𝜌𝑡). The 𝜌𝑡 of 171 

mixtures was calculated from 𝜌𝑡 and weight percentage of constituting components.   172 

 173 

3.2.8 Tableting of ABA powders and their formulations 174 

A compaction simulator (Styl’One, Medelpharm, Beynost, France) was used to prepare a 175 

series of tablets with approximately 200 mg of each powder at compaction pressures ranging from 176 

25 to 350 MPa with a dwell time of 63 ms, simulating a Korsch XL100 press running at 31 rpm. 177 

Round (8 mm diameter) flat-faced punches were used for all compactions.  Tablet dimensions 178 

were measured using a digital caliper to calculate tablet density.  The tablets were broken 179 

diametrically using a texture analyzer (TA-XT2i, Texture Technologies Corp., Scarsdale, NY, 180 

USA) at a speed of 0.001 mm/s with a 5 g trigger force.  Tablet tensile strength (𝜎), was calculated 181 

using Eq. (1) from the maximum breaking force (F), tablet diameter (d), and tablet thickness (h), 182 

following a standard procedure (Fell and Newton, 1970). 183 

𝜎 =
2𝐹

𝜋𝑑ℎ
         (1) 184 

   185 

Tablet porosity (𝜀) was calculated from tablet envelope density (ρ) and true density (𝜌𝑡) of powder 186 

using equation (2). 187 

𝜀 = 1 −
𝜌

𝜌𝑡
                                                                                   (2) 188 

 189 
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Tabletability was characterized by a plot of tensile strength as a function of compaction 190 

pressure (P), while compressibility was characterized by a plot of tablet porosity against P.  191 

Compactibility was characterized by a plot of tensile strength as a function of tablet porosity. 192 

 193 

3.2.9 In-die Heckel analysis 194 

In-die Heckel analysis was conducted following a standard procedure (Vreeman and Sun, 195 

2021),  where the linear portion of the in-die tablet porosity, 𝜀, vs. P plot was analyzed based on 196 

the Heckel equation (3), to obtain the mean yield pressure 𝑃𝑦 (Heckel, 1961a, 1961b). 197 

− ln(𝜀) =
1

𝑃𝑦
𝑃 + 𝐴                                                                     (3) 198 

 199 

4. Results and discussion 200 

4.1 Deformation behavior of particles 201 

Because of the distinct mechanical properties of soft PlayDoh and hard glass beads, the 202 

PlayDoh-glass tablet exhibited soft-soft, hard-hard, and soft-hard modes of contact, making it 203 

suitable for examining the proposed BA-dominating mechanism (Figure 1). In fact, the hardness 204 

of PlayDoh and glass likely bracket the range of hardness of typical pharmaceutical powders, i.e., 205 

hardness of excipients and APIs likely distributes between them.  The different radiopacities of 206 

PlayDoh and glass allowed easy distinction between the two types of particles, facilitating the 207 

visualization of BA between particles (Figure 2). In the micro-CT images, the glass beads appeared 208 

white, the PlayDoh particles were grey, and air appeared black. Despite the uniform size of the 209 

glass beads, different cross-sections were captured on a given 2D plane, resulting in circular areas 210 

with different diameters equal to or smaller than 1 mm. 211 

 212 
a) Front b) Top c) Right 
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Figure 2.  The micro-CT images (2D slices) of a PlayDoh-glass bead tablet along the planes of 213 

three principal directions a) front-x, b) top-z, c) right-y.  214 

In the front cross section of the micro-CT images, three types of contacts can be identified, 215 

i.e., 1) PlayDoh-PlayDoh, 2) glass-glass, and 3) PlayDoh-glass (Figure 2a). The interfaces of type 216 

1 contacts, i.e., those between adjacent soft PlayDoh particles (e.g., 1-2), were approximately flat, 217 

reflecting the similar compliance of adjacent particles during compression. Type 2 contacts were 218 

point-like (e.g., 3-4), as the applied compression was insufficient to cause permanent deformation 219 

of hard glass beads. The substantially larger BA formed at type 1 contacts compared to type 2 220 

explains the superior tabletability of more plastic API solid forms (Figure 1a and 1b). Type 3 221 

contacts (e.g., 1-3 and 2-5) involved the soft PlayDoh particles enveloping the hard glass beads. 222 

The interfaces of types 1 and 3 contacts are also depicted in the optical images of particles 223 

separated after compression in Figure 3.  Thus, the BA follows the descending order of soft-hard > 224 

soft-soft ≫ hard-hard. This finding from a model tablet supports the hypothesis that a significantly 225 

larger BA is developed in the case of hard-soft contacts than in the case of soft-soft contacts during 226 

compaction.  227 

 228 

Figure 3. Optical microscopic images of contact areas between a) PlayDoh and PlayDoh particles 229 

(type 1), and b) PlayDoh and glass bead (type 3). The diameter of the glass bead is 1 mm. 230 

 231 

4.2 Testing the hypothesis using the ABA polymorph system  232 

The hypothesized BA-dominating mechanism predicts that tabletability flip only occurs 233 

when two API solid forms with a large difference in plasticity are each mixed with a soft excipient 234 

but not with a hard excipient. To test this hypothesis further, we studied an ABA polymorphic 235 

(a) (b) 
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system with MCC as the soft excipient and DCPD as the hard excipient. TFP was previously 236 

observed in a system of 20% (w/w) ABA polymorphs with 80% MCC (Wang et al., 2023). In this 237 

work, 40% ABA and 60% MCC were used. The plasticity of these materials follows the 238 

descending order of ABAα ≥ MCC > ABAβ >> DCPD, as suggested by their in-die Py values 239 

(Table 1).  240 

 241 

Table 1. In-die Py values of materials studied in this work. 242 

Material In-die Py (MPa) 

MCC 55.7 (0.4) * 

DCPD 681.4 (3.7) * 

ABAα 51.5 (1.8) 

ABAβ 109.0 (6.4) 

 *Vreeman and Sun, 2021 243 

The identity of the two ABA polymorphs was confirmed by comparing their experimental 244 

PXRD patterns with those calculated from corresponding single crystal structures (Alleaume et al., 245 

1966; Lai and Marsh, 1967), where closely matched peak positions were observed (Figure 4a).  246 

The different peak intensities observed in the 2θ range of 20 to 35 degrees in the experimental and 247 

calculated PXRD patterns of ABAα are attributed to the preferred orientation of crystals (Zhang 248 

et al., 2020). 249 

The four materials investigated in this study exhibited distinct tabletability, with MCC 250 

demonstrating the best tabletability, while ABAβ failed to form intact tablets over the entire 251 

pressure range (Figure 4b). According to the tabletability classification based on the BA-BS 252 

interplay model (Sun, 2011), MCC falls into the Class I category (high BA and high BS), while 253 

DCPD belongs to the Class IV category (low BA, high BS). It was anticipated that the BA in 254 

DCPD tablets was substantially smaller than those in the other three materials due to its 255 

significantly lower plasticity (Table 1).  However, the positive effect of its higher BS appeared to 256 

have more than compensated for the negative effect of the smaller BA, resulting in having higher 257 

tensile strengths than both ABA polymorphs when the compaction pressure was 100 MPa or higher 258 

(Figure 4b). Given that the BSs of the two ABA polymorphs are comparable due to the same 259 
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molecular structure (i.e., difference in surface energies is small), the superior tabletability of ABAα 260 

compared to ABAβ is attributed to the formation of a larger BA.  This follows from the higher 261 

plasticity of ABAα, as indicated by its lower Py value (Table 1). In contrast, ABAβ failed to form 262 

intact tablets under all investigated compaction pressures, most likely due to negligible plastic 263 

deformation during compaction, and much lower BS compared to DCPD.  264 

 265 

Figure 4. a) PXRD patterns of two ABA polymorphs; b) tabletability plots of materials studied in 266 

this work. 267 

When MCC was used, the ABAα-MCC mixture fell into the soft-soft mixture category, 268 

while the ABAβ-MCC mixture was classified as a hard-soft mixture based on their in-die Py values 269 

(Table 1). Consequently, the TFP was predicted based on the BA-dominating mechanism.  Indeed, 270 

the tabletability of the ABAβ-MCC mixture was found to be higher than that of the ABAα-MCC 271 

mixture, with the difference in tensile strength becoming increasingly larger with rising 272 

compaction pressure (Figure 5a). This observed trend aligns with findings from previous studies 273 

(Paul et al., 2020; Wang et al., 2023).  274 

The BA-dominating mechanism also predicts that the TFP would not occur when mixing 275 

with a hard excipient. To test this prediction, we used DCPD, known for its significantly lower 276 

plasticity compared to both polymorphs of ABA (Table 1), as the expedient. The experimental 277 

results confirmed the prediction, as the tabletability of the ABAβ-DCPD mixture was consistently 278 
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lower than that of the ABAα-DCPD mixture across the entire range of compaction pressures 279 

studied (Figure 5b).  280 

 281 

Figure 5. Tabletability plots of ABA polymorphs with a) MCC and b) DCPD.  282 

4.3 Features of TFP explained by the BA-dominating mechanism 283 

The occurrence and extent of the TFP were observed to depend on the compaction pressure 284 

and the difference in plasticity between the two materials in the mixture, as highlighted in a 285 

previous study (Wang et al., 2023). These effects can now be elucidated by the BA-dominating 286 

mechanism. 287 

In all the studied systems that exhibit TFP, a notable observation is that tabletability flip 288 

tends to be more prominent at higher compaction pressures. This phenomenon can be explained 289 

by considering the deformation behavior of different mixtures under pressures outlined in the BA 290 

dominating mechanism.  At low pressures, a soft-hard mixture undergoes less extensive plastic 291 

deformation than a soft-soft mixture because the percolating matrix of hard particles resists 292 

consolidation of the powder bed more.  Meanwhile, the extent of a soft particle conforming to the 293 

shape of a neighboring hard particle is low, resulting in a smaller BA in the soft-hard mixture tablet 294 

than the soft-soft mixture tablet and TFP may not occur. As the pressure increases, the tensile 295 

strength of the soft-soft mixture increases slowly because BA, which has largely developed in the 296 

low-pressure process, only increases slowly, In a tablet consisting of soft and hard particles, on the 297 
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other hand, the soft particles continue to undergo appreciable amount of plastic deformation with 298 

increasing pressure, resulting in a larger BA and higher tensile strength. Above a critical pressure, 299 

the overall BA in a soft-hard tablet surpasses that in a soft-soft tablet, resulting in the occurrence 300 

of TFP.  For the same reason, the difference in tensile strength between the two mixtures becomes 301 

more pronounced at higher pressures. 302 

The extent of the TFP also depends on the difference in plasticity between the API powders. 303 

For example, only marginal TFP occurred in systems of similar plasticity with MCC, e.g., 304 

crystalline acetaminophen (Py = 80.8 ±  2.4MPa) and its amorphous solid dispersion in 305 

Copovidone (Py = 89.5 ±  2.7 MPa) (Wang et al., 2023).  In contrast, pronounced TFP was 306 

observed in systems of APIs with a large difference in plasticity with MCC, e.g., Ibuprofen (Py = 307 

22.1 ± 2.5 MPa) and L-alanine (Py = 231.0 ± 2.8 MPa) (Wang et al., 2023). This dependence can 308 

be explained by the BA-dominating mechanism. When the plasticity between two API powders is 309 

comparable, the BA would be similar when they are each mixed with the same excipient, resulting 310 

in marginal, if any, TFP.  However, when two API powders with a significant difference in 311 

plasticity are each mixed with a soft excipient, the BA-dominating mechanism leads to a large 312 

difference in BA and pronounced TFP (Figure 1).  313 

 314 

4.4 Caution in the application of compressibility and compactibility plots 315 

When explaining the tabletability of different powders using the BA-BS interplay model, 316 

it is necessary to access reliable BA and BS of the powders.  Because of the difficulty with 317 

quantifying BA in a tablet, compressibility is commonly used as an indirect assessment of BA 318 

between tablets, where a lower porosity under the same pressure is assumed to correspond to a 319 

larger BA in the compact if particle size and shape are not significantly different. Compactibility, 320 

on the other hand, is commonly used to characterize BS, where the tensile strength at zero porosity, 321 

𝜎0, is used to compare the BS of two powders assuming the BAs are the same at zero porosity. In 322 

fact, compressibility and compactibility plots combined with a tabletability plot, which are also 323 

known as “CTC” analysis, are widely used to investigate the compaction properties of materials 324 

(Bowles et al., 2018; Katz and Buckner, 2017; Khomane et al., 2013; Patel et al., 2006; Persson et 325 

al., 2022; Tye et al., 2005; Yadav et al., 2018; Yu et al., 2020).  However, it should be pointed out 326 

that, for tablets exhibiting identical porosity, their BA is influenced by particle size, particle 327 

morphology, and the shape of the contact planes between particles. Consequently, caution must be 328 
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exercised when using compressibility to assess BA, i.e., the assumption of the same BA at zero 329 

porosity is likely inaccurate. Similarly, since the true BS is conceptually the total attractive forces 330 

per unit BA, the BS derived from the compactibility profile is also affected by the factors that 331 

influence BA.  Hence, 𝜎0 can only represent an “apparent BS” instead of the true BS (Shi and Sun, 332 

2024). We take the opportunity here, using ABA systems exhibiting TFP, to emphasize the point 333 

that blindly applying compressibility and compactibility to quantify BA and BS, respectively, 334 

without addressing their limitations may be misleading. 335 

When the two ABA polymorphs were each mixed with MCC, the compressibility plots of 336 

the two mixtures were nearly identical, i.e., comparable porosity at a given pressure (Figure 6a).  337 

Meanwhile, ABAβ-MCC exhibited better compactibility compared to ABAα-MCC, i.e., higher 338 

tensile strength at zero porosity (Figure 6b). Without considering the shape of the contact interface, 339 

one may conclude that the overall BA between the two mixtures is comparable and the BS in 340 

ABAβ-MCC is higher than that in ABAα-MCC.  This analysis would have suggested a “BS-341 

dominant mechanism” of the TFP, which contradicts the BA-dominating mechanism established 342 

earlier in this work for this system (Figures 2 and 3). This example highlights the need for caution 343 

when assessing BA and BS using compressibility and compactibility profiles, respectively.  344 

 345 

Figure 6. a) Compressibility and b) compactibility plots of ABA polymorphs with MCC. 346 

4.5  Benefits and limitations of the BA dominating mechanism 347 



16 
 

The BA-dominating mechanism can not only elucidate the TFP but also offer invaluable 348 

insights into designing efficient and reliable tablet formulations. According to this mechanism, the 349 

addition of a plastic excipient into a poorly compressible hard API can significantly enhance 350 

tabletability of the formulation because of improved BA. Similarly, the blending of a soft API with 351 

a hard excipient into a “soft-hard” mixture may also maintain the tabletability in the formulation. 352 

Thus, this mechanism can offer a theoretical basis for the empirical rule of thumb of maintaining 353 

a plasticity – brittleness balance when designing a tablet formulation.  However, the TFP is 354 

affected by numerous factors. The effectiveness of improving tabletability through establishing 355 

soft-hard contact also depends on the spatial distribution of each constituent and their particle 356 

properties, such as size and shape. In addition to plasticity, other mechanical properties, such as 357 

elasticity, viscoelasticity, and brittleness, also affect the BA during compression. Hence, a 358 

systematic investigation of the impact of these influencing factors is required to accurately predict 359 

tabletability and, hence, TFP.   360 

We wish to point out that the BA-dominating mechanism is applicable only when the 361 

plasticity of the softer API is comparable to the excipient. When the plasticity of both API powders 362 

is significantly lower than that of the excipient, the occurrence of TFP is likely due to a BS-363 

dominant mechanism. In that case, the BA is comparable in both mixtures since the softer excipient 364 

conforms to the shape of the particles of both API forms in a similar way, even if one API is much 365 

harder than the other. Consequently, the mixture with the harder API form can exhibit a higher 366 

tabletability if it has a higher BS. However, this BS-dominant mechanism for TFP also requires a 367 

systematic investigation into the potential influencing factors to confirm. Finally, it should be 368 

pointed out that the BA-BS interplay model is so far qualitative in nature, which provides a 369 

conceptual framework for understanding various tableting phenomena.  However, applying it for 370 

quantitative predictions of tabletability is extremely difficult, if not impossible. 371 

 372 

5. Conclusions 373 

The proposed BA-dominating mechanism provides a very plausible explanation for the 374 

TFP in systems where an excipient with plasticity similar to that of the softer API solid form is 375 

used to prepare powder mixtures.  The mechanism suggests that, in such cases, the soft excipient 376 

particles conform to the shape of the hard API particles but form an approximately flat bonding 377 
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interface with soft API particles, resulting in a larger BA in the “soft-hard” mixture than the “soft-378 

soft” mixture. The validity of this mechanism has been substantiated through visual 379 

demonstrations of plastic deformation of particles in model mixtures comprising both soft and hard 380 

particles, utilizing micro-CT and optical microscopy. Experimental verification of the predicted 381 

occurrence of TFP with a soft excipient and its predicted absence with a hard excipient for two 382 

ABA polymorphs further supports this mechanism. The mechanism is also consistent with the 383 

observed influence of the compaction pressure and the difference in plasticity of the API solid 384 

forms on the TFP. Additionally, this study highlights a potential pitfall in assessing the BA and 385 

BS using, respectively, the compressibility and compactibility profiles. By considering the 386 

possibility of a BA-dominating mechanism, one may gain a deeper understanding of the complex 387 

interplay between mechanical properties, particulate properties, and compaction conditions in 388 

tablet formulation design.  389 

 390 
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