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 Abstract 

The MCS initiative was first introduced in 2013.  Since then, two MCS papers have been 

published: the first proposing a structured approach to consider the impact of drug 

substance physical properties on manufacturability and the second outlining real world 

examples of MCS principles.  By 2023, both publications had been extensively cited by over 

240 publications. This article firstly reviews this citing work and consider how the MCS 

concepts have been received and are being applied.  Secondly, we will extend the MCS 

framework to continuous manufacture.  

The review structure follows the flow of drug product development focussing first on 

optimisation of API properties.  The exploitation of links between API particle properties and 

manufacturability using large datasets seems particularly promising. Subsequently, 

applications of the MCS for formulation design include a detailed look at the impact of 

percolation threshold, the role of excipients and how other classification systems can be of 

assistance. The final review section focusses on manufacturing process development, 

covering the impact of strain rate sensitivity and modelling applications.  

The second part of the paper focuses on continuous processing proposing a parallel MCS 

framework alongside the existing batch manufacturing guidance.  Specifically, we propose 

that continuous direct compression can accommodate a wider range of API properties 

compared to its batch equivalent. 

Introduction 

The Manufacturing Classification System (MCS) grew out of an Academy of 

Pharmaceutical Sciences (APS) conference in 2013 aiming to link the properties of Active 

Pharmaceutical Ingredients (API) to manufacturing process selection.  Two peer-reviewed 

papers followed: the first paper outlined the concept of an MCS based on processing route1.  

These routes were Direct Compression (DC) MCS Class 1, Dry Granulation (DG) MCS Class 2, 

Wet Granulation (WG) MCS Class 3, and Other Technologies (OT) MCS Class 4.   The MCS 

preference is to choose the lowest Class that will deliver a robust final manufacturing process.  
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Whilst more complex routes can allow the formulator to process a wider range of API 

properties, they can have their downsides in increasing process complexity, cost of goods and 

introducing stability risk.  The second paper analysed commercial formulation data from 

regulatory filings and concluded that a simple model using API solubility and dose was linked 

to drug product process choice2.  More specifically, poorly water-soluble APIs and higher 

doses are associated with higher MCS Class numbers.  This paper also gave some initial 

consideration to continuous manufacturing (CM) and how its MCS considerations could vary 

compared to batch manufacture but did not propose a detailed MCS structure for continuous.  

This paper has two aims.  Firstly, to carry out a literature review to establish if we can 

build on our existing knowledge through publicly available research and secondly, to carry out 

an in-depth analysis of the API properties that are suitable for CM for incorporation into the 

MCS framework and to determine its relationship to batch manufacture.  

 

Literature Review Introduction 

The structure of the review will adhere to the drug product development process. The 

MCS working group believes that the API is the starting point for drug product manufacture, 

and therefore, we have started with a Materials Science section focussing on API properties 

and their optimization. The next section examines how the MCS can be applied to the design 

of formulations, including a detailed examination of the impact of percolation threshold, the 

role of excipients, and how other classification systems can be helpful. The final section of the 

review concentrates on manufacturing process development, encompassing the role of strain 

rate sensitivity and the application of modelling techniques. 

There has been a steady increase in the number of papers citing the MCS since the 

initial publication in 2015, followed by a relatively consistent number in the last few years.  

Although the original 2015 paper was authored from the United Kingdom, an analysis of the 

geographic location of citing papers shows that awareness of the concepts has spread 

globally.  The United Kingdom, United States and Germany have generated the highest 

number of citing papers comprising over half of the total.  There are contributing citations 

across a broad range of European countries as well as in Asia with China, Japan and India 

demonstrating the greatest awareness of the MCS and there are also several citing papers 

from Brazil and Australia.  A standalone MCS working group of the Japan Pharmaceutical 

Manufacturers Association conducted two surveys in Japan and is preparing to publish the 

results. 

The MCS was developed and presented from an industrial context, outlining principles 

and properties to facilitate selection of robust oral solid dose manufacturing processes.  In 

Table 1, an analysis of the author affiliation of citing papers shows an increased awareness 

and usage by academic researchers, as well as a significant proportion of citing papers that 

have been developed through academic and industrial collaboration. These mixed 

collaborations show the relevance of the MCS to the industrial environment based upon 

sound science and enables more information to be extracted from scale-down 

characterisation or miniaturisation techniques.   
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Before we start the literature review proper, it is important to note that, of the papers 

reviewed, there is a substantial number that use the MCS as a reference source for desirable 

or undesirable particle properties e.g., when carrying out crystal engineering.  Although the 

MCS may be most often referred to in passing, it does illustrate that it is increasingly being 

used as a source for such standards by both industrial and academic groups.  A summary of 

the references used can be found in Table 2.  

 

Materials Science Summary 

Studies that used the MCS as a starting point for investigating the influence of material 

properties on manufacturability were classified into three main categories: 

1. Relationship between molecular properties and manufacturability.  

2. Relationship between particle properties of single materials and manufacturability.  

3. Relationship between particle properties of multiple materials and manufacturability. 

 

Relationship between molecular properties and manufacturability  

The approach of using digital tools to enable understanding of manufacturability using 

the chemical structure as an input is an intriguing one and an extension of the MCS concept 

which relies on particle properties.  A study published as part of the Advanced Digital Design 

of Pharmaceutical Therapeutics (ADDoPT) project made use of digital techniques to propose 

a means to establish a chain of properties from molecular structure (based on single crystal 

data) to powder properties3. The authors suggested that in silico models could be used to 

estimate properties which in turn could be used to assess the feasibility of different 

processing routes via the MCS concept.  The authors specifically concluded that through a 

combination of computational and topological methods, the particle properties of the drug 

lamotrigine could be better understood, thus providing a means to rationalize formulation 

and manufacturing issues encountered for the material.  Such approaches propose an 

engaging mechanism to work from a chemical structure through to particle properties and 

thereby some understanding of powder properties. It must be noted that such approaches 

rely on an assumption that ‘perfect’ single crystal particles can be used as a surrogate for real-

world particle behaviours. In practice, a range of morphologies is often observed within a 

single API, many of which contain imperfections.  Even perfect particles will undergo attrition 

and chipping during processing.  It can be argued that such defects may predominate when 

defining bulk and powder properties, thus meaning that a link between molecular properties 

and manufacturability may be challenging.  We are still some way off from linking the 

molecular properties of individual API and their manufacturability requirements.  

  

Relationship between particle properties and manufacturability (single material):   

The MCS provided a framework that explained what formulators need to look for in 

their API to successfully manufacture drug product, thus enabling assessment of the impact 
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of particle properties such as size, shape and crystal habit on processability. This allowed 

researchers to move on from merely demonstrating that particle engineering approaches 

could be used to change crystal morphologies to a space where specific properties/habits 

could be targeted to enable improved processability. An increased focus on particle shape to 

enable improvements in powder processability was also observed.  

Morrisson et al4 agreed with the MCS view that single API parameters were not 

sufficient to explain API properties such as dissolution and cohesivity.  Only by studying a 

number of important properties together, the so-called “API camera”, could a holistic view of 

API properties be realised.  Useful case studies identified how changes in API properties were 

the root cause behind poor flow and slow dissolution. 

In an example of the increased focus on particle shape, Wilson et al5 utilised the 

principles of the MCS, linking the shape of particles to bulk properties such as flow and 

processability.  The authors adapted the crystal habit of a needle-like API, by means of wet 

milling and/or temperature cycling, to change the length and width of the particles. The work 

demonstrated that the shape of the particles had a notable impact on both powder handling 

metrics (e.g., cohesion, flow) and roller compaction (RC) processability. The authors reported 

that reductions in elongation of the particles typically lead to improved flow, reduced 

cohesion and improved processability, in this case demonstrated through reduced variability 

during RC of formulated blends containing the engineered APIs.  Similarly, Ghazi et al6 

investigated the effect of particle shape and size on processability.  In this work, the effect of 

acetaminophen particle shape and size on tablet characteristics was investigated for a range 

of high API loaded formulations manufactured by direct compression (DC). Three different 

classes of acetaminophen were selected, and tablets were produced using both single tablet 

and rotary tablet press processes. A comprehensive series of blend (e.g., content uniformity 

and segregation potential) and tablet (e.g., compaction profile, hardness, disintegration, 

dissolution and friability) characterization tests were then applied to show that tablet 

hardness, disintegration and friability were very sensitive to the shape and size of the API 

particles with needle-like particle habits observed to have a negative impact of processability 

and performance similar to the Wilson et al findings5.  

Another study on particle shape7 used X-ray microtomography (XRMT) to visualise 

consolidation in powder beds predicting bulk and tap density behaviour for two different 

morphologies (prismatic and needle like) of L-glutamic acid.  The use of XRMT enabled the 

authors to image blend components 3-dimensionally thus providing greater insight into the 

particle characteristics. The XRMT data gave an insight into why the prismatic material was 

more efficient in packing than the needles and why bimodal particles facilitate packing and 

tabletting. The study demonstrated that whilst the prismatic morphology enabled stacking of 

particles, with smaller particles filled the remaining voids, the needles formed stacks with the 

particle axis broadly perpendicular to the powder bed axial coordinate forming a “web” of 

interlocked particles thereby reducing the bed’s ability to reorientate the particles. XRMT was 

able to visualise the structure of both the powder bed and compacts of material.  This gives 

valuable information linking particle properties to bulk behaviour such as flow and 
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compactibility.  The technique could visualise the poor geometric packing of needle-like 

particles. 

In two other studies8, 9X-ray microscopy (XRM) was applied with an artificial 

intelligence image analysis algorithm to assess and understand the impact of API and 

excipients particle size8 and particle morphology9 during solid dosage manufacturing. In the 

first study the API and excipients particle size evolution was followed during blending, dry 

granulation and compression; The XRM data showed that attrition of the API agglomerates 

occurred during dry granulation resulting in an increase in fines and which was also observed 

in the tablet. Applying XRM to spray dried particles9 demonstrated the usability of XRM to 

give insight in the impact of different particle morphology created by variation in spray drying 

conditions resulting in two different batches of spray dried powders with different properties 

for the same API. The dissolution behaviour of the two corresponding tablets based on the 

spray dried powders could be explained by the differences in tablet microstructure including 

porosity, surface area and pore connectivity. The two studies and the previous one 

demonstrate that X-ray techniques can be a highly useful tool for further quantitative insights 

and impact of the different unit operations in oral solids manufacturing.  

Another very relevant study10 examined API particle size distributions frequently 

encountered in industry: jet-milled and wet milled particles.  Flowability of the pure API lots 

was similarly poor regardless of how they were milled.  However, when blends with excipients 

were prepared, the flowability was significantly improved for the wet milled API mixtures 

(having bigger API particle size) compared to the jet milled API.  It is likely that these 

observations could relate to percolation threshold effects2: the wet-milled API may not show 

improved flow by itself but will require a lower amount of excipient added to make it 

processible.  The finding that similarly poor flowing APIs could result in significantly different 

blends is important in early phase development during API selection.  

Two papers by a University of Copenhagen-led group told a holistic story about how 

altering crystal morphology can lead to improved powder flow properties.  In their first study, 

the authors succeeded in altering the morphology of 5-aminosalicylic acid (5-ASA) from 

acicular to a range of different particle shapes (e.g., prisms, columnar, tabular and lath) using 

a series of crystallization solvents to inhibit growth of selected crystal facets thereby 

delivering changes in particle morphology11.  A follow-up paper focussed on how different 

morphologies affected bulk powder properties such as flow and bulk density, and 

processability (e.g., tensile strength of pure API compacts)12.  They found that morphologies 

such as needles and plates resulted in poor flow, low bulk density but acceptable tensile 

strength whereas spheroids, elongated hexagons and rhombohedrons resulted in more free-

flowing powders with higher bulk densities but lower tensile strengths, once again 

demonstrating the importance of particle shape/habit on the processability of powders.   

Researchers from Ghent University13 investigated how variations in particle properties 

can change the bulk behaviour and processability of an API and the associated high API loaded 

formulations. In this case the impact of changes in the process route (crystallisation 

conditions and post-crystallisation process steps) on the particle characteristics (particle size 

and shape, agglomerate size and surface properties) and associated processability 



 

P a g e  7 | 44 

 

 

characteristics for the formulated material (feeding, blending, granulation and 

compressibility) were assessed. The work demonstrated that the flow of the API was 

dominated by the agglomerate size / fraction and the crystal length; the latter characteristic 

was also suggested to correlate to the propensity for agglomerate formation and their relative 

strength. It should be noted that the authors of this study took a stepwise approach to narrow 

down the important parameters by means of multivariate analysis, an approach that assumes 

that all important factors are included in the initial screening.   

In the above studies, the effect of the input particle properties of a single species on the 

bulk powder properties and/or processability was addressed with the underlying assumption 

that those properties do not change during subsequent processing. A short focus paper14 

addressed an important question of changes in API properties during processing due to 

mechanical, thermal or other stresses. The authors demonstrated how changes in size and 

shape of API particles within multi-component systems (e.g., blends) could be determined 

and this approach was then utilised to enable an understanding of how the API properties 

change at various stages of a process train. This work, an extension of the MCS, poses some 

interesting challenges with regard to the ability to understand (model) the influence of input 

API particle properties on processing behaviour when those characteristics are changed 

during manufacturing and the requirement, in such cases, to track the nature of the particles 

at each stage.  The behaviour of a particle that sticks, for example, is governed by its size when 

it reaches the tablet punch, not its size prior to processing.  Could understanding the 

propensity for morphological change be a future topic of interest? 

  

Relationship between particle properties and manufacturability (multiple materials) 

In the previous section, several research teams addressed the influence of the particle 

properties of a single species on the bulk powder properties and/or processability. However, 

looking at a single material has its limitations.  Several studies attempted to address this effect 

by means of larger populations of API/excipient species to investigate a wider range of 

characteristics and behaviours.  These approaches often utilised complied databases of 

materials, both generic and proprietary.  The Ghent University group for example utilised 

databases on excipient and API properties, but these are not open databases13.    

Ferreira et al15 looked at moving beyond the external, high-level MCS to an internal 

company MCS. The paper highlighted the strategy which targeted only analytical techniques 

relevant to the problems in hand, gathering high quality data on appropriate instrumentation, 

conducting data analysis on the data obtained with an aim to put the data in an overall context 

(e.g., understand how new materials fit into the spectrum  and history of materials) and then 

use this to compose Target Material Profiles (i.e., instruction to chemists on the material 

parameters needed to make the desired drug product). The authors highlighted the risk of 

using percentile descriptors (statistical descriptors of log-normal distributions e.g., D[v,0.5]) 

for particle size and shape data where distributions are not perfectly log-normal as the 

descriptors may not completely describe the true nature of the materials. An example of PCA 

modelling of samples with three distinct classes of bimodality using both percentiles (D[v,0.1], 
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D[v,0.5] and D[v,0.9]) and whole distributions showed that differentiation of the classes could 

not be achieved using the percentiles as the descriptors did not adequately describe the 

nature of the distributions. 

Barjat et al16 used a library in a comprehensive experimental study to predict powder 

flowability in continuous direct compression (CDC) based on a range of powder and bulk 

measurements. In this case, the library was built using data collected from the ADDoPT 

consortium of several UK based companies and academic groups. The dataset constituted a 

wide range of properties for 58 APIs and 48 excipients with the characterisation data selected 

prior to the study based on an understanding of the most likely particle attributes to have an 

influence on the output parameter. As such, the paper picks up many ideas of MCS and even 

extends the application, e.g., by applying the statistical model to in silico particles to optimize 

the performance.  The results of the study demonstrated that the flowability of the particles 

could be predicted using the measured particle characteristics with particle size and shape in 

general the best predictors of flow.  Echoing the findings from Ferreira et al17, the authors 

used whole size and shape distributions rather than percentile descriptors and made a first 

attempt to describe shape and size in a single plot. Some additional interesting findings of the 

study were that the use of number weighted size and shape data precluded the need for 

surface area data in the model whilst surface energy data were observed to provide no 

relationship to powder flowability.   

The benefits of the utilisation of whole particle size distributions, especially when 

combining both size and shape distributions was further developed in a paper describing the 

utilisation of image analysis characterisation data spanning well over a decade’s worth of 

powders18. The authors described how whole distributions (volume and number weighted) 

for particle size and particle shape for over 1000 materials enabled the development of a 

morphological landscape enabling a better means to compare the behaviour of historical 

materials and suggested the approach could lead to improved understanding of the inter-

relationship between particle and bulk powder behaviours such as flow. The authors provided 

an example of three commercial successful DC APIs in the landscape showing that their 

properties were very similar and generally match the requirements set out in the original MCS 

paper albeit all materials had bimodal size distributions leading the authors to suggest this 

distribution shape as a possible additional ‘characteristic’ for DC materials. 

A complementary but distinct study from AstraZeneca linked a bulk property (flow) 

along with drug loading to see its influence on process choice utilising an extensive industrial 

database of materials19.  Historical data (3909 experiments) from a shear cell apparatus were 

extracted and analysed. These data were composed of different material types, including 

APIs, excipients, blends and granules constituting almost a decade worth of development 

project data.  The study demonstrated that the API flow properties were a good indicator of 

handling challenges and the complexity of the processing route required for eventual product 

success. This paper provides a great example of how historical data can be utilised to generate 

understanding.  An obvious next step would be to examine material particle properties and 

how they link to the bulk property of flow.  This would complete the chain linking particle 

properties to process choice.   
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A University of Toyama-led group utilised a library of 81 API materials to model the 

relationship between physicochemical properties of the APIs and the tensile strength of 

tablets20.  Each of the APIs were evaluated for characteristics such as particle size distribution, 

bulk density, tapped density, Hausner ratio, moisture content, elastic recovery, molecular 

weight, and partition coefficient. Tablets containing 50% API, 49% MCC and 1% Mg stearate 

were then prepared, and their tensile strength measured. The results of the study revealed 

that diameter of powder particles at the 10th percentile of the cumulative percentage size 

distribution was the most crucial factor for tensile strength. A second paper used the same 

library to model the influence of 20 API properties at three levels of tableting pressure on the 

corresponding tablet properties: i.e. tensile strength, disintegration time21. As with the 

previous study, the APIs were incorporated in a standard formulation and directly tableted; 

other manufacturing routes were not addressed. In this study, the diameter of powder 

particles at the 10th percentile of the cumulative percentage size distribution and the specific 

surface energy were the most crucial factors for tensile strength and disintegration time. It 

should be noted that in both cases, the conclusions of the modelling were not verified in 

practice. One possible limitation of this type of approach is the assumption that all relevant 

characteristics are captured in the library. Careful consideration of the variable selections and 

their possible relationship to the output properties is required to ensure results of models are 

truly indicative of the particles and not an artifact related to deficiencies in the dataset and/or 

modelling i.e. there is a risk the model simply “overtrained” on a small dataset with resulting 

limited predictive power.  

In a study reported by Van Snick et al22, an extensive raw material property database 

was developed including a wide variety of APIs and excipients with different functionalities. 

In total 55 different materials were characterized and described by over 100 raw material 

descriptors related to particle size and shape distribution, specific surface area, bulk, tapped 

and true density, compressibility, electrostatic charge, moisture content, hygroscopicity, 

permeability, flowability and wall friction.  The purpose was to aid the development of in silico 

systems for the prediction of material properties to shorten product development time and 

improve process control by rationalizing the number of critical techniques for routine 

characterization of materials.  The application of this database is discussed further in the CM 

section later in this paper.  

 

MCS in Formulation Design Papers 

In this section we will move into the territory of traditional drug product development 

where the API is combined with excipients.  This introduces increased complexity with the 

need to consider these new materials as well as the impact of drug loading and the 

importance of percolation threshold.  Complexity increases further in the case of dosage 

forms such as minitablets, fixed dose combination products and multiple unit systems. An 

overarching approach taken in the literature was to use MCS as a guidance to select the 

optimal robust manufacturing process based on scientific rationale. Some authors23 have also 

included MCS as part of a larger decision tree where a structured approach was taken to 

obtain a suitable formulation design, as well as a robust manufacturing process. We will also 
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discuss different classification systems such as the Sistema Experto para Desarrollo de 

Medicamentos (SeDeM) Expert System and the Compression Behaviour Classification System 

(CBCS) and outline how they might be complementary to the MCS.   

 

Percolation threshold 

The concept of percolation threshold and its impact on properties were previously 

described in the MCS papers. Percolation theory is part of statistical physics and the 

application of such fractal concepts has been recently reviewed for the field of oral dosage 

forms24. A percolation threshold corresponds to a critical concentration of a formulation 

component (i.e., API or excipient concentration or alternatively, a corresponding solid fraction 

or porosity) above which an abrupt change in drug product properties occurs, due to the 

formation of a continuous network of contact points25. Drug product properties can be 

described in a critical range by a power law with a characteristic exponent26. However, a 

complication is that the percolation threshold itself is not universal but depends, for example, 

on API properties such as particle size and shape. A threshold drug concentration was 

proposed in contrast to a gradual change in blend properties with increasing drug 

concentration27. As excipients can be generally regarded as helpful for manufacturability, and 

API as generally unhelpful, it was proposed that issues can be expected to occur in 

manufacturability and drug product quality above the percolation threshold concentration of 

API. For example, increased bulk flow variability was observed in blends above the API 

threshold that subsequently resulted in an increased fill weight variability in capsule 

manufacturing28. In terms of a quality by design (QbD) approach to pharmaceutical 

development, the percolation threshold model can aid identification of a threshold level of 

drug above which critical quality attributes of the formulation become highly variable and 

hence outside of robust manufacturing ranges. Therefore, knowledge of the percolation 

threshold of drug and/or excipient level can aid robust formulation development.      

Queiroz et al29 used tablet envelope density and tablet tensile strength to predict 

percolation thresholds mathematically. The authors studied mixtures of ibuprofen and 

microcrystalline cellulose and the values obtained were consistent with earlier reported 

threshold values for similar drug/excipient combinations. Dilution capacities of 19% (w/w) 

and 17% (w/w) ibuprofen were calculated for both Vivapur® and Emcocel® blends, 

respectively. A change in blend behaviour above the threshold value was confirmed by 

experimental flow data with weight variability due to poor flow noted. Also, Raman imaging 

confirmed the presence of coherent clusters of drug on the tablet surface above the threshold 

value. The minor differences in physical properties between MCC grades did not result in 

significantly different dilution capacities. The modelling approach used in this study can be 

applied to early formulation development studies to identify optimal drug loading for robust 

pharmaceutical blend processing. 

 Wenzel et al30 confirmed the critical importance of drug load by studying formulations 

containing different concentrations of the poorly soluble API mefenamic acid.  Manufacturing 

involved RC and tableting followed by dissolution testing of the final dosage form using a 
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biorelevant medium. It was observed that the increasing intragranular mefenamic acid 

concentrations influenced granule and tablet characteristics (such as granule size distribution, 

compression pressure during tableting and tablet disintegration), and at the same time 

negatively impacted the dissolution rate. A percolation threshold of approximately 20% (w/w) 

was determined for both micronized API and sieve fraction, while the impact of drug load on 

the dissolution kinetics was more pronounced for micronized API, which is in agreement with 

MCS observations2.  Hirschberg et al31 confirmed the finding that smaller API particle sizes 

had lower percolation thresholds in this case influencing flow properties. They found that the 

critical drug loading was lower for blend flow than tabletability meaning that flow was the 

limiting property for these APIs. In our later section on CM, we will outline how this 

technology could aid manufacturability for such APIs.  

It can be concluded that percolation theory provides a useful theoretical framework 

to approach the complex and non-linear behavior of pharmaceutical dosage forms. It was 

outlined previously that part of a structured formulation development should early on 

consider the MCS23 and in a phase of limited API availability, any guidance based on 

percolation theory is highly beneficial. 

 

MCS and excipients  

The basic idea of the MCS was to select a manufacturing technology based on defined 

material properties of the API.  This was because the API was considered as the most 

troublesome material for processing, with excipients assumed to be designed to be good at 

making oral solid dosage forms. However, some authors have disagreed with this approach 

and have proposed extending the concept of the MCS to the selection of excipients either as 

a separate system or one that is integrated with API selection. There is a particular need to 

establish a scientific justification for the definitions used by excipient manufacturers to 

classify different excipient grades as being suitable for particular processes.  There are 

currently differing approaches as to how such companies classify whether materials are 

suitable for DC, for example.  

 Orubu and Tuleu32 examined the challenges during product development of flexible 

pediatric solid oral formulations for low-income countries. A preferred route of 

manufacturing in these countries is the comparatively low-cost DC approach. Intriguingly, 

they proposed that combining the MCS with a complementary excipient guide could lead to 

a “single expert system”.  The excipient guide may help to select excipients to compensate 

for undesired API properties. Regarding the excipient guide they refer to Suñé-Negre et al33 

who used the SEDEM Diagram Expert System to classify DC excipients. This suggestion is just 

an initial proposal with no examples presented or detail on how it could work in practice. 

 Arndt and Kleinebudde27 emphasized that the MCS is based on the properties of all 

the raw materials employed in tableting. Hence the properties of excipients, as well as of the 

API, should be considered when proposing an extension of MCS. The paper looked at RC of 

dry binders, followed by tableting at different compression speeds, with the aim of 

understanding the binder functionality for dry binders of chemically different types.  



 

P a g e  12 | 44 

 

 

Viscoelasticity, plasticity or abrasiveness were derived from force-displacement curves of 

tablets, on which bonding energy and out-of-die Heckel analysis were performed in order to 

get a comprehensive understanding of the mechanical properties of dry binder for tableting. 

The group at Heinrich Heine University further built on this philosophy of 

understanding the relationship between properties of all starting materials and the feasibility 

of a certain production route. They proposed to expand knowledge of how excipients can be 

further modified by particle design beyond the traditional considerations of size and shape. 

Instead of selecting the suitable excipients for an intended route, the excipients should be 

designed to improve the overall performance of the intermediate granules and the derived 

tablets, targeted to a certain manufacturing technology. Excipients can serve as surrogates 

for APIs to study the relations between particle properties and route of manufacturing. 

Lessons learned from excipients regarding particle design and morphology may be transferred 

to APIs.  

This was exemplified by the use of functionalized calcium carbonate in a RC / DG 

(RCDG) process34. Another excipient which was examined was anhydrous calcium 

phosphate35. There were substantial differences in blend suitability for RCDG based on the 

structure of excipient particles. Compact crystals behaved differently from agglomerates of 

small primary particles. A special functionalized type with large porous agglomerates of 

extremely small primary particles showed a unique performance in RCDG. The authors 

proposed that “the morphology of the raw material should be taken into account for the 

evaluation of the loss in tabletability of dry granules and described particle properties of an 

agglomerated raw material should be implemented in a potential manufacturing classification 

system”.  The same group studied a third excipient, examining the effect of lactose particle 

size and morphology (agglomerates and primary particles) on the properties of the dry 

granules and tablets produced 36. They found that lactose morphology affected the strength 

of DC compacts.  In this case, the morphology of the particles was more qualitative in nature 

than previous studies, reporting a general overarching description of the shape of the 

materials rather than providing measured characterisations, with minimal variations in 

particle morphology. These studies are not necessarily an extension of the MCS to excipients, 

but the insights derived from studying different types of an excipient may be transferred to 

APIs which can be designed in such a manner that manufacturing is facilitated.  

 Berkenkemper et al37 supported this, explaining that excipient attributes play an 

important role during drug product manufacturing, as well as having an impact on product 

performance. A manufacturing process based on API characteristics matched with the right 

excipient and with the manufacturing process could support formulation design. The authors 

used a formulation with 20% ibuprofen in DC and DG. Based on the findings MCC would be 

preferred as filler in DC, and mannitol in DG. Regarding the disintegrant performance, 

crospovidone showed a high sensitivity to DG while croscarmellose was less affected. The 

results shown were more a selection of excipients for different manufacturing routes and less 

a selection of excipients based on API properties. A systematic approach to select excipients 

based on API properties rather than a case-by-case approach is not made. However, excipient 

attributes are generally well known relative to novel APIs. The authors’ view was that the 



 

P a g e  13 | 44 

 

 

purpose of the MCS was to predict whether simple addition of excipients can aid DC 

processability. If not, MCS determines the degree of additional processing, such as 

granulation, which in turn further influences excipient selection. Characterization of API 

properties dictates choice of process, which, in turn dictates choice of excipients. However, 

by contrast, excipient properties may support multiple processes.  

 

Putting it all together: Applying the MCS to formulation development and comparison to 

other classification systems 

 Oishi et al38 explored the creation of a novel large dataset for ibuprofen tablets 

comprising several granulation methods. They used normalized linear regression including 

interaction terms to predict the tablet critical quality attributes from critical material 

attributes such as API particle size and bulk density and critical process parameters. Their aim 

was to understand better the causal relationships between material attributes, process 

parameters, and critical quality attributes. They discussed that the created dataset would be 

important in terms of the MCS because it helps in understanding the relationship between 

production methodology and the products in the dataset. 

 Kuentz et al23 reviewed different methods to select oral formulation strategies for 

small-molecule drugs. Various flow-charts were presented for decision making based on the 

specific drug properties towards a more tailored approach to formulation design. Once a 

promising formulation strategy has been selected, the paper emphasizes the importance of a 

structured approach to obtain a suitable formulation design as well as a robust manufacturing 

process. In this context, MCS is mentioned as it guides formulators in the selection of 

adequate process technology based on individual drug properties rather than relying on 

general knowledge and assumptions in the field of solid dosage forms. They speculated that 

the MCS could have merit in a risk assessment of given manufacturing processes by Artificial 

Intelligence (AI). However, Barjat et al16 showed that large data sets containing a broad range 

of values were needed to enable the development of predictive systems.  

 Lavra et al39 developed and scaled-up a fixed dose combination for HIV treatment 

containing three APIs.  The selected process was WG due to the properties of one of the APIs 

not being amenable to DC.  This illustrates that for combination products the process will be 

determined by the API with the poorest properties. 

 Elezaj et al40 extended the concept of the MCS to develop minitablets for paediatric 

use. They used the MCS only in a high-level way, first utilising DC and when this did not work 

moved to DG which was shown to be suitable.  These researchers did not make formulation 

selection on the basis of API particle properties or percolation threshold.   

 Vasiljevic et al41 compared the applicability of three powder compression behaviour 

assessment approaches to the tableting of pellets, made by either extrusion/spheronization 

or kneading/granulation: 

• MCS 

• SeDeM 



 

P a g e  14 | 44 

 

 

• CBCS  

SeDeM evaluates material properties affecting powder processability, particularly 

compression behaviour. Relevant parameters were divided into 5 groups denoted as 

“incidence factors”.  In CBCS, powders are classified by compressibility, compactibility and 

tabletability. Compressibility is based on Heckel equations, brittle vs ductile by the Shapiro 

equation, and particle rearrangement by the Kawakita equation. Compactibility is assessed 

using the Ryshkewitch-Duckworth equation and tabletability from the Power equation. 

Powders with excellent tabletability even at extremely low-pressures (20–30 MPa) are 

classified into Category 1. Category 2 powders give increasingly acceptable tensile strengths 

with increasing pressure (2-3 MPa at 50-200 MPa) and Category 3 powders do not give 

acceptable tensile strengths even at higher pressures. Experimentally obtained parameters 

were mathematically transformed into the relevant radius parameters to allow visual 

comparisons of SeDeM and MCS. SeDeM and MCS parameters showed linear correlation. 

Experimental results were as expected, pellets flowed better than granules (MCS, SeDeM) but 

were less compactible (MCS, SeDeM, CBCS). 

The authors concluded that MCS required more experiments and included more 

complex parameters, such as indentation hardness and dwell time sensitivity. However, this 

was based on the authors’ interpretation that all Hancock DC criteria needed to be tested 

which is not necessarily the case.  SeDeM was less demanding but did not give information 

on compactability. CBCS is compression only, whereas MCS and SeDeM also address density, 

flowability and particle size/shape. SeDeM limit values focus on an ideally compressible 

powder whereas MCS DC limit values appear more as a guideline, based on satisfying broader 

acceptable values rather than achieving an ideal case. Vasiljević et al42 extended this 

comparison of the different descriptive approaches to powders. They examined both 

compressibility, compactability and tabletability descriptors as well as fundamental 

compression equations. They concluded similarly that the MCS had the optimal balance of 

complexity and coverage of key manufacturability attributes.  

 Fridgeirsdottir et al43 reviewed applying different approaches to obtain an optimized 

formulation and manufacturing route for a poorly soluble drug. MCS was mentioned 

alongside other classification schemes such as the BCS and DCS as supportive tools helping 

formulators to select an optimized processing route. The four MCS classes were described 

and the opinion stated that MCS is not fully developed yet but is promising as an aid in 

formulation development.  Other tools such as decision trees and guidance maps were 

summarised to give a holistic tool to the formulator. 

 Dai et al44 evaluated the SeDeM expert system for tablet formulation design in relation 

to the MCS.   They concluded that data in the SeDeM complemented the MCS allowing for 

better classification between DC and other processing routes. 12-sided radar charts applied 

by the SeDeM could provide a quick overview of risk levels and help identify poor physical 

characteristics and possible failure modes of the compression process. 
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 In summary, all three systems are complementary: the MCS focuses on linking API 

properties to manufacturability, SeDeM focuses on matching excipients to the process (and 

API), whereas the CBCS is specialized in its focus on compactability.   

  

Manufacturing Process Development  

Introduction 

In this section, a review of papers with a focus on manufacturing process development 

that were found to have cited the MCS will be presented. The discussion is grouped into 

several sections.  Firstly, a summary of the different process technologies represented in the 

citations is discussed.  Then, papers that discuss strain rate sensitivity in the context of scale-

up of tablet compaction processes are analysed.  This is followed by papers describing 

modelling approaches to predicting manufacturing performance are discussed.  With the 

increased importance of digital approaches to accelerate pharmaceutical development, this 

is an important area for enhancing the predictive capability of the MCS approach.  In the final 

section, a more in-depth discussion of CM is made.  This is an important evolution of the MCS 

concept as, in addition to review, the section presents new proposals for the use of MCS in 

CM. 

 

Process Technologies 

Figure 3 shows a summary of the technologies covered by manufacturing process 

development focussed papers.  Research based on DG and WG (MCS classes 2 and 3, 

respectively) most frequently cite the MCS publications.  The next most frequent technology 

focus is feeders relating to their use in continuous processes45, 46.  There are also a number 

that focus on DC, and CDC in particular47-50.  These two categories of feeder and DC technology 

are essentially associated with MCS Class 1.  Overall, the majority of papers citing the MCS 

focus on manufacturing technologies that cover classes 1-3.  There are potentially several 

reasons for this.  Firstly, these technologies are most frequently used for solid oral dosage 

manufacture2. Secondly, more detail was presented around associated physical property 

criteria and performance criteria for classes 1-3 in the MCS publications and therefore there 

it is of greater relevance to other researchers. Out of all the citing papers, only two deal 

directly with/reference the MCS class 4 of ‘Other Technologies’. 

Tran et al 51 reviewed the formulations and processing techniques used to produce 

freeze dried tablets. This review makes reference to the first MCS paper, specifically 

identifying DC as a straightforward way to produce tablets and explaining that tablet 

properties depend on excipients. Importantly, the paper then states that DC is not suitable 

for low bulk density powders and powders with poor flow. Freeze drying of liquids in blisters 

is offered as an alternative tablet production technology for powders with these properties. 

Sauer et al 52 discussed formulation of a high drug load amorphous solid dispersion 

tablet using spray drying followed by dry granulation. The spray drying process resulting in a 
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powder with low bulk density and poor flowability. Process development requires material 

attributes outlined by the MCS to be considered in conjunction with process parameters to 

achieve the required critical quality attributes of the product. The MCS and its principles have 

also been referenced to inform process parameters.  

Hwang et al53 used the MCS to optimise a RC process. It was noted that the 

formulation contained fines in excess of the MCS specification and API content 37% exceeded 

the MCS recommendation for the percolation threshold of 20% for micronised API. The 

authors acknowledge these deviations could lead to a risk of sticking and picking and 

therefore introduced a fines reprocessing step to the process.  

 

Compaction Speed (Strain rate sensitivity) 

One often ignored factor is the influence of compaction speed on manufacturability: 

development studies may be biased towards lower speeds.  Strain rate sensitivity (SRS) is a 

term used in pharmaceutical science to define compact properties dependent on the rate of 

compaction. The term can be used for both the differences in deformation yield pressure in-

die due to the rate of compaction and the effects on strength properties of the resulting 

compact due to rate and dwell time effects on bond strength.  Detailed definitions and 

methodologies for SRS calculation are beyond the scope of this paper. 

The SRS of high drug load compression mixes should be assessed before scale-up 

(faster press speeds). Because SRS is dependent on the compression profile of a given tablet 

press (pre-compression, dwell time/punch velocity), early evaluation on a compaction 

simulator is recommended. Although SRS values have long been used for describing the time-

dependent behavior of specific materials1, 53, 54, most have used yield stress which can be 

challenging to relate back to tablet critical quality attributes such as tensile strength and 

dissolution. There is still no standard for selecting the range of compaction rates for the 

calculation when focusing on compact strength properties55. The range over which the 

strength speed sensitivity is calculated is very much dependent upon the test equipment 

available which makes robust comparisons problematic56.  Kalaria et al57 developed a useful 

methodology for assessing strain rate sensitivity by comparing tablet properties compressed 

at tablet press speeds of 50 and 90rpm. High SRS (30% or more in tensile strength) was 

considered a major risk for scale up, with the target for any tensile strength reduction being 

less than 0.5MPa. 

 

Modelling  

Modelling approaches using the MCS philosophy describing and predicting the 

relationship between material properties, process parameters and product attributes have 

been developed to increase process understanding, inform process route selection and scale-

up. While statistical models are widely employed, the prediction capability of these models 

across products, processes and scales, is limited due to variability in material and equipment 

characteristics. Tahir et al 58 addressed some of these limitations with their PLS modelling 
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approach. The feed factor of common excipient materials through a loss-in-weight feeder was 

predicted using a generic model for excipients grouped based on their powder properties by 

PCA. Statistical models were developed for prediction of DC tablet properties upon scale-up 

by including blend flow and compaction behaviour, and tablet press model as categorical 

variables47, 59. In contrast to statistical models, mechanistic models provide first principle 

understanding and thereby reduce the requirement for extensive experimentation. Other 

researchers 60 developed a mechanistic model to predict the rate of discharge from an IBC 

based on powder average particle size and IBC opening diameter. Reynolds et al61, presented 

a range of mechanistic models to develop and scale-up unit operations in an RC system. Pohl 

and Kleinebudde 62 reviewed the application of regime maps as a semi-empirical tool to aid 

the scale-up of processes, specifically granulation processes. Regime maps are an alternative 

modelling approach to statistical models to predict formulation behaviour during scale-up 

and inform process understanding. 

An illustrative example of how the MCS principles can be utilised for mechanistic 

modelling of a tablet production system is provided by White et al63. MCS material attribute 

specifications were employed in a comprehensive manner to inform the development of a 

system model for tablet production via two process pathways: DC and a RC step. The system 

modelling approach connected individual unit operations and material models to create a 

single model which could account for the interdependency between individual unit 

operations and interactions between material properties, processing parameters and product 

attributes. The material constraints for design space responses generated from the system 

model were set with reference to MCS material attribute specifications. Additionally, the 

ability of the system model to inform process selection based on API properties and tablet 

critical quality attributes was illustrated through the generation of process classification 

maps. This paper is an excellent example of how the MCS criteria can be utilised for in-silico 

selection of process routes and process parameters based on API, intermediate and finished 

product properties.  

 

Continuous Manufacturing Considerations for an MCS 

Although the first MCS paper1 primarily referenced traditional batch pharmaceutical 

manufacturing platforms, the second2 discussed the relevance of the concepts for CM and 

that inclusion of CM into the MCS would require further consideration.  During the literature 

review of MCS citing papers, some themes were identified which are intrinsically linked to the 

discussion on incorporating CM into the MCS. The impact of the API attributes on the blend 

flow and tablet compression are the key areas of focus when considering CM. Furthermore, 

the percolation threshold for API manufacturability (e.g. blend flow) increases, relative to the 

percolation threshold impacting product quality (e.g. dissolution rate).  

Amongst the manufacturing process development papers citing the MCS papers, 22 

are related to CM and the integration of continuous processes as defined by ASTM 

standards64. Several citing papers make general reference to MCS concepts. For example, 

continuous DG focussed papers refer to its selection if DC is not feasible65, 66.  Continuous WG 
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focussed papers point out the selection of this technology is appropriate where drug load is 

particularly high or low or where API properties are particularly cohesive67, 68.  Meena et al69 

present an example where continuous WG was selected for manufacture of a high (95%) 

loading of a poorly compacting API (acetaminophen).  To meet MCS criteria for sufficient 

tensile strength, WG was required because this was not possible with DC or DG. Further 

details of these papers will be discussed in the subsequent context of how the current MCS 

can be extended to CM. 

Beyond references to the MCS, there have been a handful of attempts to simplify the 

choice of batch or CM processes by developing regime maps to aid in the selection process. 

The second MCS paper2 presented a regime map of drug loading vs API flowability showing 

the manufacturing processing route for a range of products in batch manufacturing where 

decreasing flowability and increasing drug loading resulted in shift from DC → DG → WG (i.e., 

an increase in process complexity)19. White et al63 took this a step further and developed a 

system-based model to aid in the selection of CDC vs batch RC which incorporated material 

properties with the mechanistic unit operation models. However, the primary criteria were 

based on tablet compression performance, which leaves out two key features that have a 

direct impact on tablet performance (i.e., the blends entering the tablet press may not be 

equivalently mixed and, do not share the same consolidation risk). From the model, two 

process classification maps were generated to aid in understanding the risk for selecting from 

classes I, II, or III based on API mass fraction vs API flowability vs blend bulk density 

respectively63. They further explored two different tablet masses with the same drug loading 

and showed that larger tablets improved the likelihood of manufacturing CDC and RC process. 

This was mainly due to the combination of the API flowability influence from the higher drug 

loading on the smaller tablets and resulted in a regime map where API flowability had a 

narrower band for DC & RC processes. While the maps presented were admittedly simplified, 

they are based on the assumption that blends produced via batch are equivalent to blends 

produced in CM and therefore the compression step to form a tablet assumes that the 

compression performance is independent to this fact. 

It is an open question if the decision between batch or CM is as simple as comparing 

performance between stand-alone unit operations, without considering the interdependency 

and assumptions made between upstream and downstream transformation steps from raw 

material to final dosage form. The forthcoming discussion will review and discuss the key 

technical considerations which would drive the selection of one mode of manufacturing over 

the other. We will first review the relevant considerations when choosing a batch or CM 

process, followed by a declaration of principles for incorporating it into the MCS. 

A perspective often provided when deciding to use batch or CM processes is "that not 

all API properties are suitable for CDC, that are suitable for DC”, where Wahlich70 referenced 

data presented from the second MCS paper2 on API properties GSK had investigated as 

suitable for CDC. The current version of the MCS does not provide guidance for choosing batch 

or CM routes, or whether the decision should be influenced by formulation or process specific 

requirements. The choice of DC versus granulation is presented broadly on the basis of 

favourable API properties, intended dosing regime, and manufacturing route based on batch 
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manufacturing, and verified by the study from AstraZeneca which demonstrated API flow 

properties were a good indicator of handling challenges and the complexity of the processing 

route required for eventual success and referenced in the section above on the relationship 

between particle properties and manufacturability (multiple materials).  

To the contrary perspective, CM processes (particularly CDC) have been shown to be 

quite robust to variation of API properties since the referenced data was presented. Multiple 

case studies have been investigated in literature which demonstrate that CDC is a viable 

alternative manufacturing route to access a DC process, whereas the current MCS would 

recommend a batch granulation processes71, 72. CM has shown it can overcome the risk for 

segregation and the performance issues associated with poor blend flow of batch DC. 

However, this can only be true when the CM process train is properly designed at the 

interfaces between unit operations. The suitability of API properties for CM primarily lies in 

the ability to transport the bulk material to the feeder. Special attention needs to be given to 

the upstream bulk material handling design, but if this can be overcome, the ingredients are 

then actively fed into a continuous blender73 and the API physical properties are less 

influential on process performance when under the appropriate feeding control scheme and 

associated design space. The forthcoming subsections will discuss these concepts in the 

context of choosing batch or CM to facilitate informed decision-making regarding risk 

management and impact of ownership. 

 

Bulk Powder Supply and Feeding 

The primary material handing risk that needs to be managed for batch or CM is the 

ability to supply the individual raw materials to the process and the transfer of the blend to 

the tablet press. These are challenges that need to be considered whether the raw materials 

are transferred to downstream equipment through IBCs, containment bags or even plastic 

containers. This requirement means that for CM, the bulk material handling upstream of 

feeding may be more sensitive to the inherent flow properties for a given raw ingredient than 

in batch manufacturing where raw materials are manually added to a container and then 

blended. The material handling in batch is focused on the flow of the blend out of its container 

for subsequent processing. With the appropriate control strategy in CM, there can be no 

impact to CQAs because this is mainly bulk transport to the feeder, rather than metered 

feeding of the correct ingredient proportions into the blender through time. Bulk material 

flow issues (raw material or blend) can typically be solved through mechanical flow aids 74 

and optimizing the formulation components where possible. For CM, APIs are particularly the 

focus, as their flow properties have the potential to be quite variable, especially in earlier 

phases of development. A number of cited papers presented a range of powder 

characterisation techniques to improve insight and prediction of the relationship between 

material properties and the subsequent feeder performance.   

Allenspach et al45 presented some of these techniques, including angle of repose, 

bulk/tap density, dynamic flow angle, cohesive index and triboelectric charging.  In particular, 

materials with large charge accumulation resulted in electrostatic build up during feeder 
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operation that caused an increased number of mass flow excursions during the run. As part 

of the UK-based collaborative research project called REMEDIES (RE-configuring MEDIcines 

End-to-end Supply) to evaluate the CDC operating space with respect to input material 

attributes, Yadav et al46 also characterized a range of excipients and grades of acetaminophen 

alongside performance on a continuous powder feeder and confirmed a wide operating space 

of feeder performance over a range of divergent properties.  Building on Yadav’s work and 

through REMEDIES, Tahir et al58 (2020) used these results to build a predictive model of feeder 

performance.  The most significant material properties that were predictive of feeder 

performance were found to be the shear cell flow function coefficient (ffc), tap density and 

Carr’s index. The most challenging powder that was run on the feeder was micronized 

acetaminophen.  This powder has a bulk density of 0.19 g/cm3, a d10 of 3 µm and a d90 of 33 

µm.  These properties are well outside of an ideal DC material1, indicating that loss in weight 

continuous feeders have significant capability to deliver powders that are typically suboptimal 

for batch DC and potentially can widen the criteria for MCS class 1.  The reason for this is that 

once the raw ingredient is delivered into the feeder, the feeders actively convey the powder 

from the hopper into the blender with the assistance of optimised screw options and 

mechanical configurations to aid powder flow75-78.  

Every unit operation in batch or continuous processes significantly benefits from risk-

based development to assure that the long-term process is robust to incoming variation of 

the raw ingredients, and feeding is no different. Ensuring consistent feeding often comes 

down to the correct mechanical configuration combined with the optimal feedback control 

algorithm, which is a standard part of feeding development. The feeder operates by 

controlling a mass flow rate signal via loss in weight over a duration period of microseconds. 

However, the signal is increasingly difficult to detect over the ambient noise as the mass flow 

rate is reduced to levels where the signal to noise ratio becomes low for control. If it is 

feasible, the more obvious solution may be to increase the mass flow rate of the system, while 

keeping the feeding ratios the same to improve the signal to noise ratio. In cases where that 

may not be possible due to a limited supply of API or need for extremely small batch sizes, 

advanced algorithms79, 80 or mini-batch feeding/blending81 systems might be employed to 

supply the blend continuously to the tablet press. Another method that is routinely employed 

to mitigate feeding challenges due to low mass flow rates and cohesive powder is to pre-

blend75 with an excipient such as a glidant77, effectively to have a batch blending step before 

dispensing to the feeder. 

  

Continuous Blending 

If the feeding has been established, the next key consideration is the blend 

homogeneity over time, whereas batch processes require homogeneity over space82.  CM 

processes achieve homogeneity by actively blending the material via convective force 

imparted by the speed of the mixing paddles and their relative configuration to achieve a 

desired hold-up mass (control volume multiplied by the blend density)83 rather than passive 

diffusion as in a typical batch bin blender. After the powder enters the blender in the right 

proportions, the powder is actively being further mixed down to the desired sale of scrutiny 
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(e.g. a unit dose) for the majority of the time. The blended material is then continuously 

supplied by gravity directly to a tablet press for compression71, 73, 84, 85. The combination of 

the active transport of the powder and short distance between unit operations in CM 

processes provides little opportunity for blended powder to segregate before tableting. 

Jaspers et al86 performed an in-depth study showing that the resulting materials 

properties of batch vs continuous blends were not necessarily equivalent. In CM of oral solids, 

blending performance is less sensitive to the selection of flow properties and particles sizes 

compared to batch, leading to reduced segregation risk and improved homogeneity. There 

was one observation however which saw that spray dried lactose had a lower degree of blend 

uniformity over batch, likely due to segregation during sampling from the extreme differences 

in particle morphology between lactose and API. In addition, they found that higher drug 

loading (up to 30%) showed improved homogeneity over batch blending. Lower drug loading 

(down to 2%) did show larger deviations in percent label claim, but this was a feeding issue at 

low flow rates rather than a blending performance issue. The results of this study highlight 

that batch manufacturing comprised a different risk profile compared to continuous when 

considering material properties. More importantly, excipient material properties had a 

limited effect on blend uniformity relative to the batch processes. 

The most obvious benefit of blending powders via a continuous process is that the risk 

for segregation downstream, normally present in batch DC, is significantly reduced or even 

removed. This is because continuous blending allows for wider ratios of material particle sizes 

and morphologies relative batch DC.  The first MCS paper1 highlighted that successful DC 

requires consistent API properties typically over a narrower range than granulation in classes 

2 and 3. The second MCS paper2 then evaluated company specific case studies and found that 

failure modes due to drug loading and particle size ratios between the excipient and the API 

can be explained by the percolation threshold theory and that increasing the drug loading of 

poor flowing APIs leads to a higher risk of tableting for DC processes. When considering that 

an effective way to successfully increase drug loading for DC processes may be to increase 

the particle size ratio between the excipient and the API, segregation of the API becomes 

increasingly likely during powder transfers between unit operations. The different 

segregation mechanisms of pharmaceutical blends tied to batch manufacturing, are well 

known: for sifting segregation to occur the ratio of particle sizes must be at least 1.3:1 for 

binary mixtures87. Therefore, to increase drug loading while reducing segregation risk, 

granulation processes are typically favoured over batch DC processes. However, it has been 

consistently shown in literature that a CDC process is segregation resistant71, 88, 89. 

A less obvious benefit of CM over batch processing is that CM is more tolerant to poor 

powder blend flow. Karttunen et al50 presented a comparison of a batch DC and a CDC 

process.  They investigated low (2%) and high (22%) drug loadings of a formulation with a 

cohesive and a free-flowing API.  The process performance was characterised using tablet 

content uniformity.  The continuous process was found to have performed better for the high 

drug loading.  The low dose using a batch process exhibited slightly improved content 

uniformity than the continuous process, however this was found to be due to the inadequate 

interface between the feeders and the blender combined with a very low mass flow rate.   
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They concluded that the CDC process was not sensitive to the poor flow of the powder blend 

and therefore, 1) higher drug loadings were possible compared with batch process, and 2) the 

performance of the low drug loading formulation could match the batch performance with 

an improvement to the interface and further optimization of the line rate. The ability to 

process low dose formulations via CM was further demonstrated by Van Snick et al49 who 

investigated the performance of a CDC process for a low dose (2.5%), cohesive API. Through 

optimisation of the blender configuration, they demonstrated that suitable uniformity of 

content could be achieved. 

 

Impact of Removing Intermediate Bulk Containers Via Application of CM 

In a CM process, all the unit operations are processing simultaneously, and this 

logically leads to the removal of IBCs to transfer between unit operations. However, this also 

means that the flow properties of the blend are critical at transitions between the unit 

operations to prevent powder arches during gravity transfers, or stagnant zones within the 

blender. In CM processes, there will not be an opportunity as in batch to investigate and 

manually assist obstructed powder flow. Therefore, it will be important to determine the 

proper transition geometries, surface roughness, and automated mechanical assistance that 

are appropriate for the given blend flow properties. The benefit here is that once the CM 

process is adequately designed and commissioned, there will not need to be scale up to 

different equipment as in batch, where many of the flow and segregation issues arise at larger 

scale. 

In batch manufacturing, even in the absence of segregation, there is still a potential 

for powder consolidation which can lead to interrupted flow patterns during discharge of the 

IBC to the tablet press and variable fill level in the feed frame. Leung et al90 found that the 

active stress state of the blend at the onset of discharge is more critical than the passive state 

following discharge in predicting powder flow obstruction exiting an IBC because the major 

principal stress is significantly higher in the active state than the passive state. This can lead 

to arching and extremely stable ratholes upon discharge into the tablet press which require 

mechanical intervention to promote consistent flow 90. While funnel flow discharge from an 

IBC is not fundamentally an issue, it is still an added risk to manage, therefore mass flow 

discharge is often the desired flow pattern and the gold standard for engineering consistent 

powder flow from an IBC. Nauke et al81 examined 260 flow pattern estimations, based on 20 

real-life IBCs and 13 investigational powder blends, and observed that only 5% of the time 

mass flow was achieved. This was attributed to the geometry of the IBCs and the shallow 

hopper angle. The methodologies to design bins to ensure mass flow are mature91, but this is 

not often practical or economical in a multiproduct manufacturing facility because the 

optimal IBC design is a function of material properties and batch size, both of which are highly 

variable and would require a customized IBC design for each product formulation. 

A major reason for choosing granulation is that granulation promotes mass flow 

discharge patterns due to their denser and larger particle sizes and this allows for 

standardization of IBC geometries in a production facility. For the CM line, since there is no 
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longer an IBC feeding the press, this risk is also practically negligible as it is common for less 

than 1 kg of powder to sit above the tablet press in a vertical chute (i.e. zero hopper half angle 

to promote maximum chance for mass flow), and therefore the competing stresses acting 

against gravity on the powder are less critical to ensure consistent flow into the tablet press.  

This means that discharge risk resulting from the mismatch of a product’s blend material 

properties with IBC design in batch processes can be virtually eliminated if employing CM and 

ultimately have an impact on improving consistent flow into feed frame of the tablet press. It 

is known that variable powder fill level in the feed frame has been shown to directly result in 

variable die fill 92. Leaving then only routine tablet press setup of calibrating tablet parameters 

(e.g. fill depth, compression force) to provide the desired tablet attributes (e.g., weight, 

tensile strength, porosity, etc). Therefore, if a specific batch process possesses this risk of 

variable powder flow into the feed frame, the formulator should immediately consider if a 

continuous process can mitigate it. 

If the continuous blend can be uniformly transferred into the tablet press, then it is 

only a matter of consistent flow into the die as with any tabletting process. Bekaert et al83 

sought to identify quantitative relationships between blend properties, critical quality 

attributes (CQA) and critical process parameters (CPP) related to blending and tabletting for 

a CDC line. Thirty ternary blends were selected (based on a 9.9% API, 89.3% filler, and 0.75% 

lubricant) to cover a wide range of blend properties to develop a predictive PLS model using 

material properties. They found a clear correlation between blender responses and blender 

configuration, but very limited impact from blend properties other than bulk density. The 

compression step exhibited standard die filling consistency issues for cohesive and adhesive 

blends as would be seen in a batch process influenced by the blend properties flowability, 

density, compressibility, and permeability. An additional investigation comparing a 

discrepancy between blend uniformity and content uniformity found that a broad variation 

in blend properties and larger CU variabilities were due to inconsistent flow into the die rather 

than demixing. This is not to say that segregation risk does not exist in the feed frame of the 

tablet press for CM processes, but any risk for segregation in the feed frame is agnostic to the 

choice of batch or CM and likely an issue to be resolved during formulation development.  

Additional Considerations: Residence Time Distribution and Material Traceability 

A key consideration for any CM process however, is the need to develop an 

understanding of the residence time distribution (RTD), which defines the probability 

distribution of time that a unit of material spends within the process. The RTD is used to infer 

and characterize the amount of back mixing provided by the blender and provides knowledge 

of how much feeding variation will be acceptable for the CM process to achieve the desired 

CQAs. Thus, the RTD can be tuned to provide the appropriate amount of dampening to the 

residual feeder variability, which may be influenced by material properties. This means that 

there is an inextricable link between feeding and blending performance which is governed by 

the RTD. There may be a practical limit though, to how much process dampening is desired. 

A highly damped process is also a very sluggish process to manage control of process 

disturbances and this can have a significant impact on yields, especially for small batch sizes. 
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In either batch or CM, assurance of adequate homogeneity is a prerequisite to assure 

that the lot will be “uniform in character and quality and within specified limits”81 . As Wahlich 

referenced70, “homogeneity of a batch-based manufacturing route is achieved through 

space”, therefore there is typically not a driver to develop knowledge of the RTD for batch-

based unit operations, with an exception for continuous unit operations managed in batch 

mode (i.e. twin screw granulation). Even for RC, which is continuous, the process is generally 

assumed to be plug flow, where there is no back mixing. For batch, homogeneity is dependent 

on the working volume, blender rotation speed, time for a given IBC geometry 93 and the state 

of mixedness of 1) the final blend prior to granulation or 2) compression if using MCS class 1 

processes. That is, the state of the final blend in batch depends on the number of revolutions 

and speed, but in continuous the state of the blend is dependent on the degree of back 

mixing; a function of the number of blade passes the powder experiences within the control 

volume of the blender94 and the RTD.  

The RTD is also required for material traceability95, determining the real time risk for 

process disturbances96, and precise isolation of non-conforming material from said 

disturbances or other CPPs or IPCs which influence the state-of-control97, 98. Karttunen et al99 

present an RTD analysis of three continuous technologies, hot-melt extrusion (HME), DG and 

WG.  They investigated different methodologies for obtaining the RTD and found that using 

in-line NIR or optical monitoring of a colour tracer were suitable means to measure the 

response to an impulse of tracer (i.e. the RTD). However, the type of CM process employed 

may dictate the complexity of the RTD model required to accurately model the system. 

Regardless, they found that “the difficulties and benefits were more related to the 

measurement techniques than the process in question.” When considering a CM process, it 

will be a priority to ensure there are means for understanding the RTD impact on the process 

and how to characterize it.  

 

MCS Guided Selection of Batch or CM 

Based on the papers that have referenced the MCS and the prior discussion on 

considerations for implementing CM processes, the choice of CM vs batch should be strongly 

influenced by the ability to consistently feed the raw ingredients into the process before 

subsequent downstream compression and possibly a film coating step – the end of most batch 

or CM processes. With that in mind, any choice of CM process needs to assure a blend which 

satisfies the requirements for powder to always flow into the die and to have adequate tensile 

strength. This means that to choose continuous is to choose homogeneity through time vs 

space and the material characteristics which have the greatest risk on time-based 

homogeneity will be the most critical. For the continuous versions of classes 1, 2 and 3 

manufacturing processes, feeding and blending will be critical, such that low concentrations 

of API with variable properties may be suitable for compression, but may challenge the 

equipment capability to accurately feed the material. A balance between acceptable feeder 

variability and blender dampening by the RTD will heavily weight the risk for developing a 

continuous over a batch process. However, the application of feeding and blending has 

demonstrated a benefit to reduce the risk for segregation, a risk that typically drives the batch 
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process towards granulation technologies and away from batch DC processes. The choice may 

then be batch granulation vs CDC. However, formulations which require extremely high drug 

loading, may result in low bulk density at the time of compression and require granulation 

regardless of a low segregation risk, and this may drive the desire for a granulation process. 

The choice of batch vs CM in this case may be more business driven or culturally motivated 

(e.g. company preference or to increase utilisation of legacy batch manufacturing 

equipment).  

 

Batch or Continuous Process Selection 

To understand when to choose batch or CM process routes, we have to go back to 

understanding why we granulate in the first place. As described by the first MCS paper1, the 

main reason is “to overcome poor API properties… by forming denser larger particles which 

are more amenable to processing”. It was also identified in the first MCS paper, that many 

powder processing risks are a consequence of post drug substance manufacture 

modifications as in the case of poorly soluble APIs. In these cases, modifications to the APIs 

can negatively impact the flow and likely require granulation. This was further discussed in 

the second MCS paper2, when reviewing the dataset on manufacturing processes utilized by 

Cordon Pharma where wet granulation was preferred in early stages of development due to 

the variable properties of the drug compound, and the unsuitability of the API physical 

properties for the given drug loading rendered the formulation inadequate to achieve DC. 

While granulation is a viable solution for managing necessary changes to the modified API, it 

also leads to a more complex process, greater costs of manufacture, and is more challenging 

to identify root causes for investigations.  

It is clear that CM provides advantages for robust and routine commercial 

manufacturing over batch manufacturing. However, due to the different priorities during 

earlier stage development, the process is often developed for an equally robust (but typically 

more complex) batch granulation process which becomes locked-in due to the additional risk 

of impacting the results of costly clinical trials. There may be significant late-stage processing 

advantages which could be realized if CM was adopted earlier in the product development 

cycle. There is currently limited guidance at best facilitating how to make that decision. 

Considering the discussion thus far, it is proposed that the selection of CM or batch may be 

best suited as a 2-stage decision; 1) what resulting blend properties enable robust tablet 

compression, and 2) what material properties are amenable to feeding and blending. The 

Figure 4 decision tree is suggested as a starting point for determining the risk of selecting 

batch or CM processes. 

Developing a CDC process can be achieved for both high and low drug loadings. In 

either case, the first stage focuses on the tabletting risk as it relates to the performance of 

the final blend and the second stage on the feeding and blending risk as a dependence on API 

properties. It is the opinion of this group that it is more fundamental to determine the risk for 

making a tablet before considering the risk for metering the material into the process.  
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1. When the drug loading is high, it is likely that the tablet compactability and blend 

flowability will be influenced by the percolation threshold, and the blend properties will be 

dominated by the neat or modified API; defining two check points influencing the decision of 

whether to directly compress, or to granulate.  

a. The first check is on tablet compactability and weight variability, i.e. whether 

there is enough volume in the die to compress the blend into a tablet and if the 

powder blend flows into the die consistently. If this is not possible or the risk is 

sufficiently high, it may be possible to reformulate to produce a denser more 

flowable blend; if not, the choice is likely to reformulate for a granulation 

process. For simplicity, we assume the high drug load blend is robust to the risk 

for segregation and therefore it is not a checkpoint here. Considering CM 

processes, segregation would likely not be a risk either. 

b. The second checkpoint is on API and material flowability. The question here is 

whether the raw components and the blend can successfully flow into and 

through the feeders resulting in a final blend that consistently flows into the 

tablet press. If the flowability is poor, there may be an additional opportunity 

to improve the flow by pre-blending the poor flowing materials or with flow 

enhancing excipients such as silicon dioxide. If this is successful, there is a path 

toward CDC, otherwise granulation may be the less risky option. 

2. If the drug loading is low, the blend properties are more likely to be weighted towards 

the resulting average flowability of the excipient blend. The key assumption here is that the 

blend can be engineered for a low tableting risk, given the additional formulation flexibility 

provided when the API load is low. This leaves segregation as the primarily risk to manage. 

Again, this results in 2 checkpoints. 

a. For the first checkpoint, as discussed at length already, CM essentially removes 

the risk for blend segregation prior to tableting, so a blend at risk for 

segregation may be capable for CDC where it would fail with DC. Finally, if there 

is no segregation risk to begin with, there could be the option to manufacture 

in batch or CDC. 

b. The second checkpoint is the same as that for high drug load. The materials 

need to flow into the process, and at low drug loading this means the feeders 

may be compromised by the noise when operating at low mass flow rates. If 

the mass flow rate signal to noise cannot be improved via advanced control 

algorithms or pre-blending with a carrier, then it may be best to granulate. 

Certainly, there is also the situation where a high drug loading can encounter 

segregation issues, or a low drug loading may have compactability concerns, but for the sake 

of simplicity and given these scenarios are less probable, they were not included in the 

decision flow. Indeed, each product would likely traverse this decision tree on a case-by-case 

basis and in the context of the manufacturer’s strengths and culture. If the end result is to 

granulate, this can be done via batch or continuous against the unique considerations for 

granulation. However, post granulation processing is typically a DC process and therefore it 

would again traverse the decision tree to determine if it should be done so via batch or CM.  
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High level MCS risk matrix 

To summarise the key manufacturability risks associated with batch and continuous 

process selection, the following qualitative figures are presented.  For batch manufacturing 

processes, primarily described by the initial MCS paper1, we refer to MCS classes 1 through 4.  

Following the qualitative figure, MCS class 1 is suitable for more favourable API properties 

(such as flowability and bulk density) at low to medium drug loadings (up to a percolation 

limit, where API properties will begin to dominate).  Very low drug loadings less than 2% are 

subject to uniformity and segregation risks that will need to be mitigated, such as using a 

granulation process (MCS 2 and 3).  MCS class 2 will typically be suitable at higher drug 

loadings for favourable API properties and at lower drug loadings for unfavourable API 

properties.  MCS class 3 can also be suitable in these regions, but class 3 and class 4 (other 

technologies) will typically be required for unfavourable API properties at high drug loadings, 

where those properties will dominate. 

In the case of CM, we can see that the space for DC is expanded to cover a broader 

range of API properties, including unfavourable API properties at lower drug loadings.  At very 

low drug loadings, generally defined for CM as less than 3%49, 71, 87, 89, segregation is no longer 

a major risk; however, CM can be more challenging due to difficulties in controlling dosing 

due to reduced signal to noise ratios in feeders, especially when operating at low throughputs. 

Continuous granulation technologies are typically more suited to unfavourable API properties 

at high drug load. 

In summary these qualitative plots can help identify the simplest manufacturing 

process suitable for processing a given API and formulation drug load, although product 

lifecycle strategy should also be considered. In early development, when the API is limited 

and variable, it may be more efficient to develop batch DC or even granulation processes, but 

as the product matures and transfers into commercial manufacturing where larger volumes 

are needed, it will be important to have considered if a CM process may be more suitable for 

the long-term needs. 

 

 

Conclusions and Future Work 

Whilst the second MCS paper discussed the primary material properties which impact 

manufacturability, this review has shown the value of large datasets allowing a multivariate approach.  

The ADDoPT (Advance Digital Design of Pharmaceutical Therapeutics) programme showed that 

reaching agreement on techniques that were important was possible and that a moderately large 

dataset could yield a lot of knowledge.  This work also illustrated that we should aim for richer datasets 

rather than merely larger datasets.  This could, for example, include the use of whole particle size 

distributions rather than just D10, D50, D90 descriptors. Truly Big Data will be hard to achieve within 

individual institutions as there are only a relatively limited number of new APIs.  It would be beneficial 

to have a common database with comparable, standardised data that all the industry could access. 

This working group puts out a call for an academic or professional institution to host such a database 

which would allow for pre-competitive collaboration.  The database needs to be sufficiently large and 
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varied to encompass the complexities of the system we are looking at and include negative data 

related to things that were considered not to be a success. 

 Other areas which were identified as in need of further investigation include:  

• What link, if any, exists between API molecular properties and processability? 

• The relationship between different milling and drying techniques and API processability  

• Revised techniques to measure important particle characteristics that we currently know we 

cannot measure properly e.g. surface energy. 

• The propensity for attrition and morphological change during processing as this may explain 

apparent outliers whose measure particle properties do not correspond to manufacturability.  

Overall, the last ten years has witnessed progress in explaining why formulators take the decisions 

that they do. An immediate goal of linking API properties to bulk properties and onward to 

manufacturability via percolation threshold seems in reach.  The work of the MCS is more relevant 

than ever as we move forward.  With the rise in CM, the manufacturability space is seen to generally 

increase relative to batch and this results in a more direct linkage between the formulation design and 

the intended product quality. That is, the percolation threshold for an API when formulated more 

likely has a direct the impact on CQAs in commercial production and is less convoluted by the 

manufacturability risk associated with technology transfers. 
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Table 1  Sector distribution of citations 

Author affiliation Number of citing papers 

Academic 56 

Industrial 17 

Academic/Industry Collaboration 89 

 

 

Table 2: References which utilize the MCS as a reference source 

Reference Ref in paper MCS Property 
100 A tablet tensile strength of 1.7 MPa was 

considered to be the minimum limit when 
the RC process was used. 

Tablet properties 

101 A tablet formulation is recommended to 
have a tensile strength >1.7 MPa to 
withstand stresses during coating, 
packaging, shipping and handling. 

Tablet properties 

102 Tablets produced by twin screw melt 
granulation were considered to have 
sufficient strength for downstream 
processing if they met a tensile strength > 
1.7 MPa. 

Tensile Strength 

103 Target strength for tablets manufactured 
by RC. 

Tensile Strength 

104 The three main processing routes for 
pharmaceutical oral solid dosage forms. 

Processing routes for OSDs. 

105 Bulk density>0.5 g/mL, PSD with D10 > 30 
μm and D90 < 1000 μm, and aspect ratio 
of < 1.5. 

Criteria for successful DC 
material  
 

106 The preferred target value of tablet 
tensile strength in pharmaceutical 
manufacturing lies within the range of 1-2 
MPa 

Tensile Strength 

107 Manufacturing Classification System 
(MCS) Working Group suggested that as 
much as 40% of all tablet formulations 
are manufactured with a WG step. 

Processing routes for OSDs. 

108 Compared with WG, roll compaction/ DG 
(RCDG) is less complicated saving time 
and costs. 

Processing routes for OSDs. 

109 Their API had “good thermal stability 
required for tabletting as indicated by 
negligible weight loss below 150C.” 

Moisture uptake  

110 “The TGA profile of Lor-Oxa CAB showed 
negligible weight loss below 150 C, 
suggesting acceptable thermal stability.” 

Moisture uptake 
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111  
 

The quality of the tabletability of a 
powder or formulation can be described 
by the slope after a linear regression or by 
evaluating the tableting pressure, which is 
needed to get a tensile strength in a range 
between 1-2 MPa 

Tensile Strength 

112 RCDG is considered first, when DC is not 
recommended 

Processing routes for OSDs. 

113 Typically, a Carr’s index between 21 and 
25 and Hausner’s ratio between 1.26 and 
1.34 are considered suitable for industrial 
scale tablet manufacturing. 

Flow 

114  Processing limitations when it comes to 
DC due to properties of API, like small 
particle size and needle-like morphology. 

Process route choice 

69 Tablet tensile strength criteria to establish 
a target tensile strength for tablets 
produced from granules manufactured 
using a twin-screw extruder WG process. 

Tensile Strength 

115 Particles <30 μm tend to have low bulk 
density, high compressibility, and high 
cohesivity, yielding poor flow properties 
and additional challenges for material 
feeding 

Particle size 

47  
 

DC is a relatively simple method to 
manufacture pharmaceutical tablets. It 
involves two primary processing steps, 
viz., blending and compaction and is less 
complicated compared to tablet 
production involving a DG or WG step. 

Processing route 

59  
 

DC tablet production is considered the 
simplest process for tablet production by 
the MCS class 1. Despite its simplicity, 
tablet production via the DC process is less 
commonly employed compared to the 
more complex process of tabletting via a 
granulation step.  DC is more commonly 
employed for class 1/3 drugs categorised 
by the biopharmaceutical classification 
system compared to class 2/4.  

Processing Route 

116 The target tensile strength for a tablet is 
2MPa. 

Tensile Strength 

61 Referenced the MCS particle D[v,0.5] of 
50–500 μm recommendation for tableting 
in relation to the impact of granule 
particle size on powder flow.   

Particle Size 
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117 Discusses RC of high drug load 
formulations in the context of ideal RC 
material properties. 

Tablet Properties 

52 For tablets, a tensile strength of >1.7 MPa 
at SF < 0.85 is considered acceptable for 
further processing 

Tensile Strength 

118 However, for pharmaceutical crystals, 
smaller particle sizes between 50–500 µm 
and a mean particle size of around 80 µm 
is targeted to enable DC while still 
enabling dissolution in the human body 

Particle Size 

119 Sufficient tensile strength of 
approximately at least 2 MPa was an 
important property of a tablet so that it 
can withstand stress from further 
manufacturing unit operations after 
compaction. 

Tensile strength 

120   

 

Two of the major manufacturing routes 
in current use are based on wet and DG 
technologies. 

Processing Route 

10 Compaction of both wet and jet milled 
powder blends resulted in robust tablets 
with tensile strength above 2 MPa.   

Tensile Strength 

121 Manufacturability criteria for 40% drug 
load tablets manufactured using high 
shear WG.  

Tensile Strength 

122 Granules produced by a WG induction 
growth regime had reduced porosity and 
were less compactible compared to 
granules produced by a nucleation 
growth regime. 

Tensile Strength 

123  
 

WG was the most popular process choice 
compared with DC, DG, OT during the 
pharmaceutical development of over 
80% of early-stage compounds. 

Processing Route 

124 In general, the particle size ratio of the 
gum base to the active substance shows a 
great influence on the blend behaviour 
during the tableting process. 

Percolation Threshold 
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Figure 1: Number of citations of MCS 
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Figure 2: Geographic distribution of MCS citing papers 

 

 

Figure 3: Summary of the technologies covered by manufacturing process development focussed papers 
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Figure 4: Proposal for deciding for choosing batch or continuous manufacturing processes 
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Figure 5: MCS Matrix for Batch and Continuous Manufacturing 

 

 


