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Abstract 

Digital design of multi-component pharmaceutical tablets based on the properties of individual 
constituents plays a critical role in the rational design and optimisation of pharmaceutical 
formulations. Most active pharmaceutical ingredients (APIs) used in tablet formulations are 
crystalline materials with diverse mechanical properties, including elastic, plastic, brittle, or combined 
deformation characteristics. These properties can lead to manufacturing challenges such as capping 
and sticking during the tableting process, or the formation of fragile tablets, making the direct 
compaction and testing of pure API tablets difficult or even impossible. In this study, we present an 
approach to predict the compressibility and compactibility profiles of APIs that cannot be directly 
compacted into tablets without the support of excipients. The method is based on the assumptions 
of additive volume fractions and the geometric mean mixing rule applied to the compactibility models 
of the individual components. API compressibility and compactibility models were derived from the 
analysis of “out-of-die” compaction data obtained from binary powder mixtures containing 50% API 
and 50% microcrystalline cellulose, compressed at different compaction pressures. Five APIs with 
diverse mechanical properties, i.e., aspirin, carbamazepine, metronidazole, paracetamol, and 
theophylline, were investigated. The proposed approach successfully predicted tablet solid fractions 
and tensile strengths for both binary (API and filler) and ternary (API, filler and disintegrant) mixtures 
of the APIs. The predicted tablet solid fractions were within ±5% of the measured values, while tensile 
strength predictions showed errors typically ranging from ±20% to ±50%, depending on the API, 
formulation, and compaction pressure. Overall, the approach provides a practical digital design tool 
for the formulation of multi-component pharmaceutical tablets based on constituent material 
properties.

Key words: compressibility, compactibility, solid fraction, tensile strength, mixing model. 
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Highlights

• A predictive model for compaction profiles of non-compressible APIs was developed.
• Successfully validated using five APIs with diverse mechanical deformation behaviours.
• Provides a practical digital design tool for multi-component tablet formulations.
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1. Introduction

Pharmaceutical tablets are the most important dosage forms to deliver active pharmaceutical 
ingredients (APIs) to patients, which can be produced by direct compression (DC), dry granulation, 
wet granulation or other technologies [1]. Among them, DC , compressing a powder mixture of an 
API and excipients into tablets without a prior granulation step, is the most preferred approach due 
to its simplicity, cost effectiveness and inherently continuous nature [2]. To meet the required quality 
target product profile of DC tablets, it is required not only to select and optimise various excipients 
with APIs in formulations to achieve the desired pharmaceutical performance (e.g., drug's 
effectiveness and safety) but also to determine the tableting process parameters, i.e., applied 
compaction pressure, to ensure that the resulting tablets are strong enough to withstand the 
subsequent processing, transport and handling by patients. Tablet tensile strength is commonly used 
as a measure of the mechanical strength of pharmaceutical compacts, representing the maximum 
tensile stress that can be tolerated by the tablet before it breaks [3]. Predicting the tablet tensile 
strength as a function of the applied compaction pressure of a powder (i.e., tabletability) to screen a 
large space of potential API formulations can significantly reduce the experimental needs for drug 
product development [4, 5].

Currently two different approaches, i.e., indirect approach [4] and direct approach [5], have been 
explored to predict the tablet tensile strength of a powder mixture. In the indirect approach, API 
compressibility, defined as tablet solid fraction (or porosity) versus applied compaction pressure, is 
firstly predicted. Several promising models have been developed to predict the compressibility of a 
single component tablet successfully, including Heckel equation, Kawakita equation, Percolation 
model, and Gurnham equation [6, 7]. The API tablet tensile strength is predicted based on its solid 
fraction (i.e., compactibility) by the Ryshkewitch-Duckworth equation [8-10]. For a powder mixture, 
the tablet solid fraction is predicted based on the API compression model with those of the excipients 
in the formulation through an additive mixing rule in which the volume reduction of an individual 
component in the mixture is the same as that of each of individual components when compacted 
alone [11]. The tensile strength of the mixture tablet is predicted by the tensile strengths of the 
constituents weighted based on their volume fractions through a linear, power or harmonic mixing 
law [6]. In contrast, a direct approach, an API tablet tensile strength is predicted directly as a function 
of compaction pressure, which was developed based on Ryshkewitch-Duckworth and Kuentz-
Leuenberger equations [12, 13]. Similarly, the mixture tablet tensile strength is estimated from the 
tensile strengths of individual components weighted with their initial volume fractions by an 
appropriate mixing model of linear, power or harmonic [5]. 

Nevertheless, it is clear that the prerequisite for predicting the tensile strength profile of a 
pharmaceutical powder mixture based on the pure materials is to obtain the property profiles of the 
individual constitutes in formulations, which could be extremely difficult, in particular for APIs. The 
majority of APIs for tablet formulations are crystalline materials with diverse mechanistical properties, 
e.g., elastic, plastic, brittle or combinations [14]. Many crystalline APIs show poor compressibility 
and/or compactibility, resulting in capping and sticking during the tableting process or fragile tablets 
which makes a manufacture and testing of API tablets impossible. To avoid these issues, much 
research has been conducted to investigate the tableting behaviour of a binary mixture containing a 
poorly compactable API with a well compactable excipient such as microcrystalline cellulose (MCC), 
aiming to develop a correction model between the API characteristics and its tabletability [15, 16]. 
Although it is effective, the study needs to prepare a series of powder mixtures for DC tablets of the 
API and excipient at various ratios to obtain a large set of data for understanding tableting behaviours 
of the binary mixture [17]. In this context, obtaining the compaction profiles of a pure API with minimal 
experiments is of importance, particularly in early drug development with limited API resources.   

The aim of this study was to predict the compressibility and compactibility profiles of an API 
based on the compaction data analyses of a binary powder mixture containing 50% API and 50% 
microcrystalline cellulose (MCC), which was compressed at six different compaction pressures 
ranging from 40 and 350 MPa. Five APIs with diverse mechanical properties, including aspirin, 
carbamazepine, metronidazole, paracetamol, and theophylline, have been selected in the study. 
Among them, aspirin and theophylline exhibit good compressibility and compactibility and can be 
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directly compressed into tablets, whereas carbamazepine, metronidazole, and paracetamol show 
poor compressibility and/or compactibility and, therefore, require blending with suitable excipients 
for tablet formation. The effectiveness of the predicted compressibility and compactibility profiles of 
the APIs has been evaluated to predict the tablet solid fraction and tensile strength of the binary and 
ternary mixtures. 

2. Background Theory 

In this Section, determination of the compaction profiles, i.e., compressibility and compactibility, 
of an API based on the theoretical analyses of its binary mixture tablets with MCC is presented.    

2.1 Compressibility 

Compressibility, defined as the volume reduction (densification) 𝐶 at an applied compaction 
pressure 𝑝 , is described by the Kawakita equation as

𝐶 =
𝑉0 𝑉𝑝

𝑉0
=

𝑎𝑏𝑝
1 𝑏𝑝                                                                  (1)

where 𝑎 and 𝑏 are Kawakita compression parameters, 𝑉0 is the initial in-die volume of the powder 
and 𝑉𝑝 is the volume of the powder at the applied compaction pressure 𝑝. According to Eq. (1), the 
linearized form of Kawakita equation is shown as

𝑝
𝐶 =

𝑝
𝑎 + 1

𝑎𝑏                                                                           (2)

Therefore, the parameters 𝑎 and 𝑏 can be determined by plotting 
𝑝
𝐶 vs 𝑝, where 𝑎 is equal to 1/slope 

and  𝑏―1 is equal to 𝑎 multiplied with intercept. It is worth noting that the model parameters can be 
fit by both “in-die” and “out-of-die” compressibility data. To be fit using the out-of-die compressibility 
data which include the component elastic recovery, the volume reduction of powder 𝐶 can be treated 
as the solid fraction of the tablet [18], which is calculated by the relative density (RD) as,   

𝐶 = 𝑅𝐷(𝑝) =
𝜌𝑎𝑝𝑝

𝜌𝑡𝑟𝑢𝑒
                                                             (3)

where 𝜌𝑡𝑟𝑢𝑒 is the true density of the powder and 𝜌𝑎𝑝𝑝 is the apparent density of tablet which can be 
calculated by

  𝜌𝑎𝑝𝑝 =
𝑚

𝑉𝑡𝑎𝑏𝑙𝑒𝑡
                                                                     (4)

where 𝑚 and 𝑉𝑡𝑎𝑏𝑙𝑒𝑡 are the tablet mass and volume.  

Therefore,   

𝑅𝐷(𝑝) =
𝑎𝑏𝑝

1 𝑏𝑝                                                                 (5)

For a binary mixture of MCC and an API, a volume additive model is selected to predict the solid 
fraction of a mixture tablet, which has been approved to provide an excellent prediction of the mixture 
compressibility as [4, 19] 

𝑉𝑚𝑖𝑥 = 𝑉𝑀𝐶𝐶 + 𝑉𝐴𝑃𝐼                                                                 (6)

where  𝑉𝑚𝑖𝑥, 𝑉𝑀𝐶𝐶, and 𝑉𝐴𝑃𝐼 represent the volumes of the mixture and individual components of 
MCC and API. Based on the compression model (5), the volume fractions of MCC and API in the 
tablet are given by 
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𝜀𝑀𝐶𝐶 =

𝑚𝑀𝐶𝐶
𝑅𝐷(𝑝)𝑀𝐶𝐶𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒

𝑚𝑀𝐶𝐶
𝑅𝐷(𝑝)𝑀𝐶𝐶𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒

𝑚𝐴𝑃𝐼
𝑅𝐷(𝑝)𝐴𝑃𝐼𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒

                                       (7.1)

𝜀𝐴𝑃𝐼 =
𝑚𝐴𝑃𝐼

𝑅𝐷(𝑝)𝐴𝑃𝐼𝜌𝐴𝑃𝐼_𝑡𝑟𝑢𝑒
𝑚𝑀𝐶𝐶

𝑅𝐷(𝑝)𝑀𝐶𝐶𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒

𝑚𝐴𝑃𝐼
𝑅𝐷(𝑝)𝐴𝑃𝐼𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒

                                        (7.2)

where 𝜀𝑀𝐶𝐶 and 𝑚𝑀𝐶𝐶, are volume fraction and mass of MCC and  𝜀𝐴𝑃𝐼 and 𝑚𝐴𝑃𝐼 are the volume 
fraction and mass of API in the tablet. Therefore, the solid fraction  𝑅𝐷𝑚𝑖𝑥(𝑝) of a binary mixture 
tablet at the applied compaction force 𝑝 is given by

           𝑅𝐷𝑚𝑖𝑥(𝑝) =

𝑚𝑀𝐶𝐶
𝑅𝐷(𝑝)𝑀𝐶𝐶𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒

𝑚𝑀𝐶𝐶
𝑅𝐷(𝑝)𝑀𝐶𝐶𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒

𝑚𝐴𝑃𝐼
𝑅𝐷(𝑝)𝐴𝑃𝐼𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒

𝑅𝐷(𝑝)𝑀𝐶𝐶 +                                                 
𝑚𝐴𝑃𝐼

𝑅𝐷(𝑃)𝐴𝑃𝐼𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒
𝑚𝑀𝐶𝐶

𝑅𝐷(𝑃)𝑀𝐶𝐶𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒

𝑚𝐴𝑃𝐼
𝑅𝐷(𝑃)𝐴𝑃𝐼𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒

𝑅𝐷(𝑝)𝐴𝑃𝐼                                  

                            =
(𝑚𝑀𝐶𝐶𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒 𝑚𝐴𝑃𝐼𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒)𝑅𝐷(𝑝)𝑀𝐶𝐶𝑅𝐷(𝑝)𝐴𝑃𝐼

[𝑚𝑀𝐶𝐶𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒𝑅𝐷(𝑝)𝐴𝑃𝐼 𝑚𝐴𝑃𝐼𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒𝑅𝐷(𝑝)𝑀𝐶𝐶]                                                                                           

(8)

    According to Eq. (8), the mixture solid fraction can be predicted at the compaction pressure 𝑝 
based on the individual compressibility profiles calculated in Eq. (5). On the other hand, if the API 
compressibility profile is unknown, the API solid fraction 𝑅𝐷(𝑝)𝐴𝑃𝐼  at the compaction pressure 𝑝 can 
also be predicted based on the MCC compressibility profile 𝑅𝐷(𝑝)𝑀𝐶𝐶 and measured mixture tablet 
𝑅𝐷𝑚𝑖𝑥(𝑝) as

𝑅𝐷𝐴𝑃𝐼(𝑝) =
𝑚𝐴𝑃𝐼𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒𝑅𝐷(𝑝)𝑀𝐶𝐶𝑅𝐷(𝑝)𝑚𝑖𝑥

𝑚𝑀𝐶𝐶𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒𝑅𝐷(𝑝)𝑀𝐶𝐶 𝑚𝐴𝑃𝐼𝜌𝑀𝐶𝐶𝑡𝑟𝑢𝑒𝑅𝐷(𝑝)𝑀𝐶𝐶 𝑚𝑀𝐶𝐶𝜌𝐴𝑃𝐼𝑡𝑟𝑢𝑒𝑅𝐷𝑚𝑖𝑥
            (9)

Subsequently, 𝑎𝐴𝑃𝐼 and 𝑏𝐴𝑃𝐼 of the API Kawakita compression model parameters can be 
determined by plotting 

𝑝
𝑅𝐷(𝑝) vs 𝑝. 

2.2 Compactibility 

Compactibility is used to describe the relationship of the tablet tensile strength with its relative 
density at the compaction pressure 𝑝. The Ryshkewitch-Duckworth (R-D) equation has been widely 
used for the tensile strength prediction of a pharmaceutical tablet [4, 6, 8-10, 20] as 

𝜎𝑇(𝑝) = 𝜎𝑇𝑒𝑥𝑝{𝑘[𝑅𝐷(𝑝) ― 1]}                                                          (10)

where  𝜎𝑇 is tablet tensile strength with zero porosity at RD=1 and 𝑘 is a constant representing the 
bonding capacity. According to Eq. (10), the linearized form of R-D equation is presented as

𝑙𝑛[𝜎𝑇(𝑝)] = 𝑘𝑅𝐷(𝑝) + [𝑙𝑛(𝜎𝑇) ― 𝑘]                                                   (11)

    Therefore, 𝑘 and 𝜎𝑇 of the R-D equation parameters can be determined by plotting 𝑙𝑛[𝜎𝑇(𝑝)] vs 𝑅𝐷
(𝑝), where 𝑘 is equal to slope and 𝑙𝑛(𝜎𝑇) is equal to 𝑘 added with intercept. 

As the tablet tensile strength is related to the surface bonding between particles in contact, a 
geometric mean rule can be applied to predict the mixture tablet compactibility based on the 
individual constituent properties weighted via their volumetric contributions [4-6, 21]. Therefore, for 
a binary mixture tablet of MCC and an API, its tensile strength is predicted as 
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𝜎𝑇𝑚𝑖𝑥(𝑝) = 𝜎𝜀𝑀𝐶𝐶
𝑇𝑀𝐶𝐶(𝑝)𝜎𝜀𝐴𝑃𝐼

𝑇𝐴𝑃𝐼(𝑝)                                                 (12)

If the API compactibility profile is unknown, the tensile strength of the API tablet 𝜎𝑇𝐴𝑃𝐼(𝑝)  at the 
compaction pressure 𝑝 can be predicted based on the tensile strengths of the excipient tablet   𝜎𝑇𝑀𝐶𝐶 
(𝑝) and the measured mixture tablet 𝜎𝑇𝑚𝑖𝑥(𝑝) as

𝜎𝑇𝐴𝑃𝐼(𝑝) = 𝜀𝐴𝑃𝐼 𝜎𝑇𝑚𝑖𝑥(𝑝)
𝜎

𝜀𝑀𝐶𝐶
𝑇𝑀𝐶𝐶(𝑝)

= 𝜎𝑇𝑚𝑖𝑥(𝑝)
𝜎

𝜀𝑀𝐶𝐶
𝑇𝑀𝐶𝐶(𝑝)

1/𝜀𝐴𝑃𝐼

                                                   (13)

Therefore, the 𝑘𝐴𝑃𝐼 and 𝜎𝑇𝐴𝑃𝐼 of the API R-D equation parameters can be determined by plotting 𝑙𝑛
𝜎𝑇𝐴𝑃𝐼(𝑝)  vs 𝑅𝐷𝐴𝑃𝐼(𝑝).

3. Materials and methods

3.1 Materials

In this work, five APIs were selected for model development and validation, including Aspirin 
(ASP, 99%, Fisher Scientific, UK), Carbamazepine (CAR, Fagron Ltd, UK), Metronidazole (MET, 
Acros Organics, UK), Paracetamol (PAR, Acros Organics, UK), Theophylline (THP, Merck, UK). 
Microcrystalline cellulose (MCC102, Avicel® – PH-102, extra pure, Thermo Scientific, Germany) and 
α lactose monohydrate (LAM, Sigma-Aldrich,,US) were employed as a filler for binary or ternary 
formulation design. Crospovidone (CRO, Kollidon CL-SF, BASF, Germany) was employed as a 
disintegrant for ternary formulation design. All materials were used as received without being sieved 
prior to use.  

3.2 True density

The true density of each of individual dry powder materials used in the study was measured 
using a helium pycnometer (AccuPyc II 1340, Micromeritics, USA). Approximately 1 g of powder was 
loaded into a 3.5 cm³ chamber insert and purged with helium for measurement. The true density was 
calculated as the average of ten measurement cycles. 

The true density of a mixture was calculated as the arithmetic mean of the volumetric proportions 
of the constituents as,

 𝜌𝑚𝑖𝑥𝑡𝑟𝑢𝑒 =
𝛴𝑛

𝑖=1𝑚𝑖

𝛴𝑛
𝑖=1

𝑚𝑖
𝜌𝑖𝑡𝑟𝑢𝑒 

                                              (14)

where 𝑚𝑖 is the mass fraction and 𝜌𝑖𝑡𝑟𝑢𝑒 is the true density of individual component 𝑖. 

3.3 Particle size distribution

The particle size distributions of API and MCC were determined using a Microtrac Sync analyser 
(Microtrac MRB, Germany) equipped with the Turbo Sync module. A dispersion pressure of 0.5 psi 
and a runtime of 10 seconds were applied, with the instrument operated in absorbing transparency 
mode and using the irregular shape algorithm. Approximately two hundred  milligram of each dry 
powder sample was evenly spread on the sample tray before analysis. Particle size, distribution, and 
morphology were assessed using a blended algorithm combining laser diffraction and dynamic 
image analysis, via Microtrac Flex software (v12.0.1.1). The measurements ware repeated in 
triplicate. 

3.4 Tablet compression
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Seven binary mixtures of each of APIs with MCC were prepared at the ratios of from 20% to 80% 
(w/w) in 10% increments. Fifty grams of each of the mixtures were prepared, in which the required 
API and MCC quantities were accurately weighed using an analytical balance (Mettler Toledo, UK). 
Each powder mixture was then blended in a 2-litre Y-cone mixer (Pharmatech E4599, Pharmatech 
Ltd, UK) for 40 minutes to achieve uniformity. 

Binary tablets were produced by direct compression using a Styl’One Nano compaction simulator 
(Medelpharm, France), operated under a V-shape(saw-tooth) compression profile at a fixed speed 
of 10 mm/s with real-time monitoring via Alix software (v2024.07.10). To achieve a range of 
compaction pressures (approximately 40 to 350 MPa), six set-point values of the punch distance 
were determined varying between 2.0 mm and 1.0 mm in a step of 0.2 mm. Three hundred milligram 
powder mixture was manually introduced into the die using the hand-filling technique. For each of 
the tableting conditions, three tablets were produced to obtain the averaged measurements of the 
tablet solid fraction and tensile strength. The compaction pressure was calculated from the averaged 
forces on the top and bottom punches divided by the punch tip area. In the present work, flat-faced, 
round punches with a diameter of 11.28 mm (Euro D tooling) were used. After compressing each set 
of the mixtures, the die and punches were externally lubricated with magnesium stearate using the 
Styl’One MIST spray system to minimise sticking and ensure consistent ejection.

Eight ternary formulations were designed for immediate release tablets, each of which included 
an API (THP, CAR, MET or PAR), filler (MCC or LAM) and disintegrant (CRO). In the formulation 
the percentage of an API varied from 30% to 60% (w/w) while the percentage of the disintegrant was 
either 5% or 2% (w/w). Selection of either MCC or LAM in the formulation was based on the 
compatibility with APIs. Two different formulations were designed for each of the APIs and 
compressed at two different compaction pressures with the target tablet tensile strength of greater 
than 1.5 MPa. The manufacturing process of the ternary tablets was same as that of a binary tablet 
shown above.      

Following compaction, tablets were stored in airtight containers at ambient conditions for 7 days 
to allow elastic recovery before characterisation. Details of the elastic recovery test of tablets can be 
found in the Supporting Materials.  

3.5 Tablet characterisation

The weight 𝑚, thickness  𝐻, diameter 𝐷, and tensile strength 𝜎𝑇 of each tablet were measured 
after storage of 7 days using a SmartTest 50 semi-automatic tablet tester (Sotax, Switzerland). The 
measured results were automatically transferred to the Styl’One Nano through Alix software. The 
relative density (RD, or solid fraction) and tensile strength of the tablet were calculated as

 𝑅𝐷 =
4𝑚

𝜋∗𝐷2∗𝐻∗𝜌𝑚𝑖𝑥𝑡𝑟𝑢𝑒
                                                      (15)

and 

 𝜎𝑇 = 2𝐹
𝜋∗𝐷∗𝐻                                                                          (16)

where 𝐹 is the breaking force. 

The values of  𝑅𝐷 and 𝜎𝑇 were the averaged measurements of 3 tablets. 

4. Results and discussion

4.1 Material properties
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The particle size and density of each of the pure materials are shown in Table 1. The densities 
of ASP, CAR and PAR are comparable and slightly lower than those of MET and THP. Although the 
mean particle size of APIs are different, in particular, ASP is significantly higher than the other 
materials, their particle sizes were not controlled in the study as the main impact of this deviation 
was for the tablet weight control instead of the effectiveness of the compaction models [22]. To 
achieve a consistent weight of each of tablets, accurately pre-weighted 300 mg powder mixture was 
manually introduced into the die using the hand-filling technique, described in Section 3.4. The 
mechanical properties of APIs and excipients are also summarised in Table 1 [14]. Both ASP and 
THP exhibit good compressibility, which can be compressed into tablets alone. In contrast, CAR, 
MET and PAR show poor compressibility and/or compactibility and they cannot be compressed into 
tablets without mixing MCC102.      

Table 1: Materials used and their expected dominating mechanical properties

Particle size distribution (µm)material True Density 
(g/cm3)

D10 D50 D90

Mechanical property

Aspirin (ASP) 1.3897(±0.00132) 331.3±48.2 505.4±34.3 695.0±80.5 Brittle/Fragmenting/ Hard 

Carbamazepine (CAR) 1.3144(±0.00286) 17.2±0.1 57.0±0.5 493.2±9.1 Elastic/poor compressibility

Metronidazole (MET) 1.4536(±0.00626) 171.5±2.6 308.4±3.9 465.6±37.4 Brittle/hard

Paracetamol (PAR) 1.3030(±0.00351) 18.2±0.8 70.0±5.6 236.7±26.2 Moderately hard/brittle

Theophylline (THP) 1.4870(±0.00275) 65.4±0.9 156.6±2.4 309.4±8.4 Brittle

MCC102 1.5388(±0.00142) 44.2±1.0 145.2±3.0 235.0±4.5 Highly plastic/Ductile/Non-
brittle

α-lactose monohydrate 
(LAM)

1.5352(±0.00193) 16.7±0.7 60.1±2.3 166.1±14.9 Brittle/Fragmenting/Hard

Crospovidone (CRO) 1.2143(±0.00157) 14.9±0.2 41.7±0.8 106.4±8.1 Elastic/High recovery/Non-
brittle

4.2 Solid fraction prediction of a binary mixture compact

Fig. 1(a) shows the individual component compressibility plots (i.e., 
𝑝

𝑅𝐷 vs 𝑝) of MCC102, ASP 
and THP tablets, showing that  

𝑝
𝑅𝐷  is proportional to the compaction pressure 𝑝 for each of the 

materials. The correlation coefficients 𝑟2 of the linear regression model, measuring the strength of 
the linear relation between two variables, are all higher than 0.99, given in Table 2. Based on Eq. 
(2), the fitted Kawakita model parameters are shown in Table 2. The direct comparison of the 
compressibility profiles of the individual components with the measured solid fractions is shown in 
Fig. 1(b), indicating a good predictive performance across the whole pressure range with the 
prediction error of less than 1% at the most of measurement points (Table S1 in the supporting 
materials). It is shown that ASP or THP exhibits a different compressibility behaviour than MCC102. 
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The tablet solid fraction of ASP is the least sensitive to increase in compaction pressure, indicating 
that ASP undergoes limited densification under pressure. In contrast, MCC102 displays a more 
pronounced increase in solid fraction with an increased pressure. This difference can be attributed 
to the brittle fragmentation tendency of ASP, leading to particle fracture rather than extensive plastic 
deformation during compression [23]. In contrast, the predominantly plastic deformation behaviour 
of MCC102, involving particle rearrangement and fragmentation, enables them to undergo more 
effective particle rearrangement and densification under applied pressure [24].

According to the individual component compressibility models (Table 2), the solid fractions of the 
binary mixture tables, i.e., MCC102 with ASP or THP at different ratios, can be predicted using Eq. 
(8), detailed in Table S2 in the supporting materials. The direct comparison of the compressibility 
profiles (solid lines) of the representative binary mixtures, at 30% and 70% of ASP or THP in the 
formulations, with the measured solid fractions is shown in Fig. 2. The tablet solid fractions of the 
binary mixtures of ASP and MCC102 can be accurately predicted by the volume additive Kawakita 
models of the individual components, showing that ±2% of the predictive error across the whole 
range of the compaction pressure applied can be achieved. For the mixtures of THP and MCC102, 
the prediction error of the tablet solid fraction of a formulation at 30% THP is significantly higher than 
that at 70% THP [Figs. 2(c)-(d)], in which the predictive solid fractions are consistently lower than 
the measurements. Overall, less than ±3% of the solid fraction prediction error can be achieved for 
the binary mixtures of ASP and MCC102 formulations whilst less than 5% of the solid fraction 
prediction error is achieved for the THP and MCC102 mixtures across the whole range of the 
compaction pressure (i.e., from 40 and 350 MPa) applied. 

According to Eq. (9), the Kawakita model parameters, 𝑎 and 𝑏, of ASP or THP can also be 
extracted based on the measured solid fractions of the binary mixture with 50% MCC102, shown in 
Table 2.  Subsequently the tablet solid fractions of the binary mixtures of ASP or THP with MCC102 
at different ratios in the formulations were predicted using the additive mixture rule of the individual 
component Kawakita models in Eq. (8), detailed in Table S2 in the supporting materials. The 
predicted compressibility profiles (dashed lines) of the representative binary mixtures, at 30% and 
70% of ASP or THP in the formulations are also shown in Fig. 2. The performance of the predicted 
tablet solid fraction predictions based on the extracted ASP Kawakita models is comparable with 
that obtained from the pure component tablets, although a slightly higher predictive error was 
observed for a higher percentage of ASP (i.e., 70%) in Fig. 2(b). In contrast, the accuracy of the 
tablet solid fraction prediction of the 30% THP mixture based on the extracted THP model is higher 
than that predicted by the directly obtained THP model in Fig. 2(c). Overall, ±5% of the solid fraction 
prediction error based on the extracted Kawakita models can be achieved for both ASP and THP 
mixture tablets over the whole range of compaction pressure applied. Therefore, it is expected that 
proposed approach can be used to predict the tablet solid fractions of the other API binary mixtures. 

Neither CAR, MET or PAR can be compressed alone to determine their Kawakita model 
parameters. The predicted Kawakita model parameters of CAR, MET and PAR based on the 
measurements of the binary mixtures with 50% MCC102 are shown in Table 2. Subsequently, the 
tablet solid fraction of a binary mixture was predicted using the volume additive Kawakita models of 
the individual components in Eq. (8). The predicted compressibility profiles of the representative 
binary mixtures, at 30% and 70% of an API in formulations, with the measurements are shown in 
Fig. 3. The tablet solid fraction of a binary mixture of CAR, MET or PAR can be predicted reasonably 
well across the whole range of the compaction pressure applied. Overall ±5% of the predictive error 
can be achieved, detailed in Tables S3-5 in the supporting materials. It is worth noting that a trend 
of an over-prediction for a higher API mixture (e.g., 70& or 80% of API) at a lower compaction 
pressure is observed [18]. 

Table 2: Model parameters

Compressibility model Compactibility model
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Single component Binary mixture Single component Binary mixture

a b 𝑟2 a b 𝑟2 𝜎𝑇𝐴𝑃𝐼 𝑘𝐴𝑃𝐼 𝑟2 𝜎𝑇 𝑘 𝑟2

MCC102 0.9781 0.0278 0.9998 N/A N/A N/A 20.3871 6.7162 0.9916 N/A N/A N/A

ASP 0.9876 0.2761 0.9999 0.9276 0.6147 0.9994 2.5780 18.0630 0.9125 20.2671 37.9940 0.8892

THP 0.9709 0.0893 0.9994 1.0222 0.1312 0.9998 5.8334 11.138 0.9892 2.8067 13.9820 0.9924

CAR N/A N/A N/A 1.0051 0.1298 0.9998 N/A N/A N/A 5,5567 17.7250 0.9546

MET N/A N/A N/A 0.9630 0.1691 0.9980 N/A N/A N/A 4.1704 33.9600 0.9975

PAR N/A N/A N/A 0.9880 0.0970 0.9994 N/A N/A N/A 4.4997 25.8180 0.9565

LAM 0.9661 0.0587 0.9994 N/A N/A N/A 15.246 9.2442 0.9886 N/A N/A N/A

CRO 0.9549 0.0233 0.9997 N/A N/A N/A 6.6713 24.6284 0.9694 N/A N/A N/A

(a) (b)

Fig. 1: Individual component compressibility models: (a) Kawakita model plots; (b) prediction of 
compressibility profiles.
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(a) ASP 30%
(b) ASP 70%

(c) THP 30%
(d) THP 70%

Fig. 2: Tablet solid fraction predictions of binary mixtures: (a) ASP 30%; (b) ASP 70%; (c) THP 
30%; (d) THP 70%

(a) CAR
(b) MET
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(c) PAR

Fig. 3: Tablet solid fraction predictions of binary mixtures: (a) CAR; (b) MET; (c) PAR

4.3 Tensile strength prediction of a binary mixture compact

Fig. 4(a) shows of the linearised individual component R-D equation plots [i.e.,  𝑙𝑛[𝜎𝑇(𝑝)] vs 𝑅𝐷
(𝑝)] of MCC102, ASP and THP tablets, showing that the 𝑙𝑛[𝜎𝑇(𝑝)] is proportional to its solid fraction 
for each of the materials. The correlation coefficients 𝑟2 are all higher than 0.9 (Table 2). Based on 
Eq. (11), the fitted R-D model parameters are given in Table 2. The direct comparison of the 
compactibility profiles of the individual materials with the measured tablet tensile strengths is shown 
in Fig. 4(b) and Table S1 in the supporting materials, indicating an overall good prediction 
performance with ±15% of predictive error over the whole range of the compaction pressure applied. 
It is noticed that the tensile strength of a MCC102 tablet was much higher than that of the THP or 
ASP tablet compressed at a similar compaction pressure while the ASP tablet is of the lowest tensile 
strength. It may be due to the fact that ASP exhibits high crystallinity and tends to form particles with 
relatively smooth, uniform surfaces, resulting in reducing the potential for mechanical interlocking 
and bonding during densification [24]. It is also found that the highest prediction error was observed 
at the lowest compaction pressure for each of materials due to the R-D model limitation, which was 
consistent with the previous studies [6].   

Based on the individual component Kawakita and R-D models (Table 2), the tensile strengths of 
a binary mixture tablet, i.e., MCC102 with ASP or THP at different ratios, can be predicted using 
Eqs. (7) and (12), detailed in Table S2 in the supporting materials. Fig. 5 shows the comparison of 
the tablet tensile strength prediction profiles (solid lines) of the representative binary mixtures, at 
30% and 70% of ASP or THP in the formulations, with the measurements. For the 30% ASP mixture, 
the tablet tensile strengths were predicted reasonably well, where the maximal prediction error of 
39.6% occurred at the lowest compaction pressure and decreased significantly with an increased 
compaction pressure. For the 70% ASP mixture, the geometric mean mixing rule model in Eq. (12) 
overpredicted the tablet tensile strength across the whole range of the compaction pressure applied, 
with the maximal prediction error of 90.9% at the lowest compaction pressure and minimal prediction 
error of 19.3% at the maximal compaction pressure. In contrast, for both 30% and 70% THP mixtures, 
the tablet tensile strengths can be predicted accurately within ±10% over the whole range of the 
compaction pressure applied. As discussed above, due to high crystallinity the mechanical strength 
of ASP tablet is sensitive to subtle changes in porosity, which could produce nonlinear trends of the 
tablet tensile strength that are poorly captured by the R-D models, leading to a larger predictive error 
for tablet tensile strength. Considering a large variation of the tablet tensile strengths among the 
tablets produced, it would be expected that a good model prediction has been achieved if the 
prediction error is within ±50%. Potentially, the model would be acceptable even if the prediction 
error is within ±100% [25, 26]. 
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  According to Eq. (13), the R-D model parameters, 𝑘𝐴𝑃𝐼 and 𝜎𝑇𝐴𝑃𝐼, of ASP or THP can also be 
extracted based on the measured tablet solid fractions and tensile strengths of the binary mixture 
with 50% MCC102 (Table 2). Subsequently the tablet tensile strengths of the binary mixtures of ASP 
or THP with MCC102 were predicted (Table S2 in the supporting materials). The predicted 
compactibility profiles (dashed lines) of the representative binary mixtures, at 30% and 70% of ASP 
or THP in the formulations are also shown in Fig. 5. Interestingly, the overall model prediction 
performance based on the extracted model parameters has improved in comparation with the 
models obtained directly based on individual components. The maximal prediction error of a tablet 
tensile strength of the 30% ASP mixture has been reduced to 25.8% while the prediction error of a 
tablet tensile strength of the 70% ASP mixture has been reduced to ±15% except that at the lowest 
compaction pressure. For the THP and MCC102 mixture, the model prediction performance has not 
changed significantly, keeping it within ±10%.     

For CAR, MET and PAR, the extracted R-D model parameters based on the binary mixture 
tablets with 50% MCC102 are shown in Table 2. Therefore, the tablet tensile strength of a binary 
mixture of CAR, MET or PAR with MCC102 at different ratios can be predicted using Eq. (12), 
detailed in Tables S3-5 in the supporting materials. It is shown that the model prediction performance 
of the tablet tensile strength of a binary mixture for different APIs is different. The tablet tensile 
strength of a MET mixture can be predicted accurately within ±20% (most of them within ±10%) 
across the whole range of the compaction pressure applied for a binary mixture of MET from 10% 
up to 60% (except some points at the lowest compaction pressure), shown in Fig. 6(a). Although the 
prediction performance deteriorates for the 70% MET binary mixture, the predicted tablet tensile 
strength reasonably well matched its measurement within approximately ±50% [Fig. 6(a) and Table 
S4 in the supporting materials]. For the 80% MET mixture, the predictive error of the tablet tensile 
strength can further increase to 100% (Table S4 in the supporting materials). The situation is 
complex for the PAR mixture. For the binary mixtures of PAR from 20%-50%, the excellent prediction 
of a tablet tensile strength was obtained within ±10% across the whole range of the compaction 
pressure applied [Fig. 6(b) and Table S5 in the supporting materials]. With increasing the percentage 
of PAR in the mixture, the models obviously overestimated a tablet tensile strength, i.e., 
approximately 40% for the 60% PAR mixture and 70% for the 70% PAR mixture (Table S5 in the 
supporting materials). The models cannot used to predict the tablet tensile strength of the 80% PAR 
mixture as the error can be increased to around 250% (Table S4 in the supporting materials). The 
models overestimated the tablet tensile strength of the CAR and MCC102 mixtures across the whole 
range of the compaction pressure applied, in particular, at a lower compact pressure range [Fig. 6(c) 
and Table S3 in the supporting materials). Similar observations have also been reported in other 
studies, showing that compactibility models often overestimate the tablet tensile strength for mixtures 
with high drug loads (e.g., 80% PAR) [27]. This is because such models fail to account for the brittle 
nature of PAR overwhelming the plastic deformation behaviour of MCC, which leads to poor inter-
particulate bonding. This discrepancy may also be attributed to the fact that interaction effects are 
ignored in most mixing rules [28]. As the prediction errors are largely within 50%, the models were 
still useful for initial screening of the CAR formulation and manufacturing design.       
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(a) (b)

Fig. 4: Individual component compactibility models: (a) Linearised R-D equation plots; (b) 
prediction of compactibility profiles.

(a) ASP 30%
(b) ASP 70%

(c) THP 30%
(d) THP70%

Fig. 5: Tablet tensile strength predictions of binary mixtures: (a) ASP 30%; (b) ASP 70%; (c) THP 
30%; (d) THP 70%
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(a) MET
(b) PAR

(c) CAR

Fig. 6: Tablet tensile strength predictions of binary mixtures: (a) MET; (b) PAR; (c) CAR

4.4 Solid fraction and tensile strength prediction of a ternary mixture compact

The proposed method has been used to predict the solid fraction and tensile strength of an 
immediate release tablet including an API (i.e. THP, CAR, MET and PAR), filler and disintegrant 
shown in Tables 3-6. The individual component compressibility and compactibility profiles are shown 
in Table 2. As the compressibility and compactibility profiles of THP can be obtained by the pure 
component measurements and extraction based on the binary mixture compacts (Table 2). 
Therefore, the tablet solid fraction and tensile strength of a THP formulation were predicted by the 
both approached shown in Table 3. It is shown that both of the models provided the comparable 
results with higher accuracy, in which the THP tablet solid fraction was predicted within ±3% (pure 
component model) and ±5% (extracted model) while its tensile strength was within ±15% and ±18%. 
For an immediate release tablet of CAR, MET or PAR, the models can predict the table solid fraction 
accurately within ±5% except that one formulation (F1_CAR) prediction error was slightly higher at 
5.8932%. The performance of the tensile strength prediction varies with different APIs. A higher 
accuracy of the tensile strength of a CAR immediate release tablet was achieved within 25%. For a 
MET immediate release tablet, the models underpredicted its tensile strength within 35%, which is 
reasonably accepted for the formulation design. For the PAR formulations, the models can predict 
the tablet tensile strength of F1_PAR within 20%. In contrast, a significant high prediction error was 
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obtained for F2_PAR, indicating that the geometric mean rule of the individual component 
compactibility models is not fully suitable for prediction of the tensile strength of a mixture.
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Table 3: Perditions of tablet solid fraction and tensile strength of THP ternary mixture formulations  

Experimental data Model prediction based on pure API model Model prediction based on extracted API modelTHP

(%)

LAM 
(%)

CRO 
(%)

Pressure 
(MPa)

Solid 
fraction

Tensile Strength 
(MPa)

Solid 
fraction

error% Tensile 
strength

error% Solid 
fraction

error% Tensile 
strength

error%*

175.5418 0.8669 1.9552 0.8851 2.1042 1.9038 -2.6270 0.9095 4.9146 1.8659 -4.5646F1_THP 40 55 5

287.3431 0.9213 3.2152 0.9154 -
0.6369

2.7818 -
13.4811

0.9383 1.8437 2.7178 -
15.4694

175.7211 0.9096 2.2980 0.8965 -
1.4442

1.9555 -
14.9067

0.9345 2.7371 1.8979 -
17.4135

F2_THP 60 38 2

290.7199 0.9427 3.1052 0.9237 -
2.0119

2.7504 -
11.4240

0.9590 1.7307 2.6520 -
14.5957

*Error% = 100x (predicted value – measurement)/measurement 

Table 4: Perditions of tablet solid fraction and tensile strength of CAR ternary mixture formulations  

Experimental data Model prediction based on pure API modelCAR (%) LAM (%) CRO (%)

Pressure (MPa) Solid fraction Tensile Strength (MPa) Solid fraction error% Tensile strength error%

F1_CAR 40 55 5 120.0767 0.8347 1.1014 0.8839 5.8932 1.3631 23.7558
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211.8968 0.8852 2.1353 0.9243 4.4173 2.5157 17.8150

196.9553 0.8972 2.1013 0.9201 2.5499 2.1859 4.0267F2_CAR 35 63 2

309.5900 0.9287 2.6270 0.9415 1.3717 3.0825 17.3408

Table 5: Perditions of tablet solid fraction and tensile strength of MET ternary mixture formulations  

Experimental data Model prediction based on pure API modelMET (%) MCC102 (%) CRO (%)

Pressure (MPa) Solid fraction Tensile Strength (MPa) Solid fraction error% Tensile strength error%

168.5411 0.8666 2.1973 0.8655 -0.1339 1.5212 -30.7717F1_MET 50 48 2

278.7257 0.9073 3.0925 0.9038 -0.3860 2.2214 -28.1673

168.5332 0.8631 3.5044 0.8448 -2.1169 2.2656 -35.3503F2_MET 35 65 5

272.2318 0.9042 4.7511 0.8888 -1.7076 3.2651 -31.2766

Table 6: Perditions of tablet solid fraction and tensile strength of PAR ternary mixture formulations  

PAR (%) LAM (%) CRO (%) Experimental data Model prediction based on pure API model



20

Pressure (MPa) Solid fraction Tensile Strength (MPa) Solid fraction error% Tensile strength error%

206.9956 0.8948 1.2807 0.9056 1.2050 1.5052 17.5305F1_PAR 50 48 2

325.3733 0.9203 1.9054 0.9290 0.9493 2.2195 16.4862

233.7730 0.8894 0.9256 0.9228 3.7624 1.4682 58.6253F2_PAR 35 65 5

352.6324 0.9081 0.9571 0.9411 3.6288 2.0270 111.7870
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5. Conclusion

In this study, we present an approach to predict the compressibility and compactibility of APIs 
that cannot be directly compressed into a tablet without the support of excipients. The method is 
based on the assumption of the additive volume fraction and the geometric mean mixing rule of the 
individual component models. The API compressibility and compactibility models were extracted 
through the analysis of the “out of die” compaction data of a binary powder mixture containing 50% 
API and 50% MCC102, which was compressed at six different compaction pressures ranging from 
40 and 350 MPa. Five APIs with diverse mechanical properties, including aspirin, carbamazepine, 
metronidazole, paracetamol, and theophylline, have been selected in the study. Among them, aspirin 
and theophylline are of good compressibility and compactibility which can be compressed into tablets 
alone while carbamazepine, metronidazole or paracetamol is of poor compressibility and/or 
compactibility, which cannot be directly compressed into tablets without blending with suitable 
excipients. The effectiveness of the proposed approach has been applied to predict the tablet solid 
fractions and tensile strengths of the binary and ternary formulations of APIs. For all of the cases, 
the difference of the predicted and measured tablet solid fractions was within ±5%. The accuracy of 
the tablet tensile strength prediction is reasonably well, with the prediction error typically ranging 
from ±20% to ±50%, varying with APIs, formulations and compact pressures applied. Overall, the 
proposed approach can be used as a digital design tool for design of multi-component 
pharmaceutical tablets based on the individual constituent properties.       

In this study, it is clearly shown that in some cases the prediction error of table tensile strength 
was significantly higher by applying the geometric mean rule of the individual component 
compactibility models. Therefore, further work is needed to explore effectiveness of different mixing 
rules (i.e., geometric mean, arithmetic mean and harmonic mean) applied to different compaction 
models (e.g, R-D and 3-parameter power law), and to consider and different bonding mechanisms 
(e.g. API-API, API-excipient, excipient-excipient) for the improvement of the model prediction. 
Additionally, the results of this study were primarily based on microcrystalline cellulose as diluent. 
The diluent is likely to have a pronounced effect on the compressibility and compactibility of mixtures. 
Therefore, expanding the number or type of diluents used to test the effectiveness of the models will 
also need to be considered. 
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