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Key Outcomes
ÅDeveloping and providing materials-focused models (Digital Twins) 

and workflows for designing:
ÅPharmaceutical products with respect to their desired physico-

chemical properties
ÅManufacturing processes and routes needed to make these 

products
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VisualHabit: Predicting the Morphology ofh-Lactose
WP 4.1: J. Pickering, I. Rosbottom, H. Nguyen, R. Hammondand K. Roberts 

Ramachandran, V. et al., Mol. Pharmaceutics 12, 1, 18-33

Clydesdale, G. et al., Journal of Pharmaceutical Science. 1997. 86.135-141

Å VisualHabita platform for calculating the lattice energy of organic crystals, predicting their 
morphology, and investigating the synthons generating the morphology.
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Key Outcomes
ÅLattice energy calculated from crystallographic structure, using an 

interatomic potential

ÅCalculations of the attachment/surface energies, generating a 
energy based morphology prediction

ÅInvestigation of the primary synthons in the bulk and on the 
surfaces
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Predicting Solvent Mediated Morphology of Ibuprofen
WP 4.1: J. Pickering, I. Rosbottom, R. Hammond and K. J. Roberts

Rosbottom I, Pickering J, Etbon B, Hammond R and Roberts YΣ ά9ȄŀƳƛƴŀǘƛƻƴ of inequivalent wetting on the crystal habit surfaces of RS-
ibuprofen using grid-based molecular modellingέΣ tƘȅǎƛŎŀƭ /ƘŜƳƛǎǘǊȅ /ƘŜƳƛŎŀƭ Physics, 2018, Vol. 20, Num. 17, DOI: 10.1039/c7cp08354h
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Key Outcomes
ÅCrystal morphology and surface chemistry predicted on the 

basis of crystallographic structure

ÅGrid-based calculations characterize crystal surface/solvent 
interactions

ÅRatios of the growth rates of ibuprofen surfaces providing a 
guide for industrial solvent selection



8

ÅEnabling solid form design for direct compression through crystallographic structure 
analysis for prediction of API mechanical properties

Molecular Level Modelling; 
Lattice Energetics, Rugosity, 
Elastic Energy, Dislocation 

Statistical Consideration; 
Multiple Attributes 

Decision Making (MDAM)

Prediction of 
Dislocation Slip 

Systems
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Tablet Compaction: Prediction of Mechanical Properties
WP 4.1: S. F. Ibrahim, J. Pickering, V. Ramachandran, K. J. Roberts
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Key Outcomes
ÅPrediction of influence of molecular and crystallographic structure 

on mechanical properties of crystals

ÅIntroduction of rugosityand interlocking of planes to enhance 
prediction of mechanical properties 

ÅMechanical properties based design tool useful in solid-form 
selection for direct compression
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ÅCharacteristic interactions between solute-solute, solute-solvent and solvent-solvent in the 
solid-state, solution-state and at crystal/solution interfaces

Interplay between Solution and Solid-State Interfacial Chemistry
WP 4.2: I. Rosbottom, C. Yong, D. Geatches, J. H. Pickering, R. B. Hammond, I. Todorovand K. J. Roberts

Intermolecular 
interactions from MD 
simulations to examine  
benzoic acid and PABA 
solution chemistry 

Grid-based modelling to build solvated 
clusters of p-aminobenzoicacid
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solvent effect on ibuprofen morphology

Bulk and surface synthonic
modelling to understand 
alpha PABA morphology in 
mixed solvents

Crystal and Surface Structure
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KeyOutcomes
ÅVisual HABIT/SystSearchdeveloped for predicting effect of solvent 

on physical and chemical properties of crystals

ÅMolecular dynamics platform for modelling intermolecular 
(synthonic) interactions in solution state

ÅWorkflow for understanding inter-connectivity between 
intermolecular structure in the solution and solid-states
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ÅModels were developed to assess hydrodynamics and evolution of CSD in a 20-Litre jacketed 
crystalliser with a retreat impeller and a single baffle

Fully Coupled Multiphase CFD Modelling 
with Population Balance Model (PBM) 

(Fluent)

Zonal 
Modelling
(gCRYSTAL)
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Optimisation of API particles attributes in batch crystallisers
WP 4.3: D. M. Camacho, J. A. Figueroa Rosette, C. Y. Ma, T. Mahmud and K. J. Roberts 
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Key Outcomes
ÅModels predict effect of operating conditions on hydrodynamics 

in conventional pharmaceutical crystalliser

Å3D CFD-PBM predicts the evolution with time of CSD in batch 
cooling crystallisation 

ÅCFD modelling results can be used into multi-zonal modelling 
software for process optimisation
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AFD: Prediction of Filtration and Drying Performance
WP 4.4: I. Fragkopoulos, T. Mahmud, P. J. Heggs, A. E. Baylyand F. Muller
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AFD: Prediction of Filtration and Drying Performance
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Key Outcomes
ÅFiltration models used for parameter estimation at lab-scale and 

the prediction of performance at process scale

ÅModelling the packed bed structure (DEM) to predict bed 
properties and particle breakage (FEM)

ÅDrying models with a mass transfer resistances in series to be used 
for parameter estimation and prediction 

02/04/2019
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ÅTo validate a Crystal Breakage Model, three methods have been developed for investigating 
the crystal breakage experimentally: continuous pressure percolation, AFM and XRT scan 

Effect of Pressure on Particle Size 
Distribution and Shape

Continuous Pressure  Percolation

Mechanical Properties
Atomic Force Microscope 

(AFM)

X-Ray Tomography
James Carr, Henry Royce Institute, 

Manchester 
Amira-Avizo(3D software)

02/04/2019 ADDOPTDIGITAL DESIGN SHOWCASE

Investigation of Crystal Breakage during Pressure Filtration
WP 4.4X: F. Mahdi, I. Fragkopoulos and F. Muller
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Investigation of Crystal Breakage during Pressure Filtration
WP 4.4X: F. Mahdi, I. Fragkopoulos and F. Muller
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Key Outcomes
ÅEffect of pressure Filtration/Percolation on high aspect ratio 

crystals

ÅMechanical properties of single organic crystals using AFM to 
calculate Tensile strength and Young's modulus

ÅVisualisation of packed bed structure of organic crystals to 
validatea 3D DEM Packed Bed Structures
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ÅDroplet drying models were developed and coupled with CFD models to gain better 
understanding of spray drying pharmaceutical materials

Single Droplet Drying Models 
for Amorphous and Crystalline 

Materials

Multiphase CFD Modelling of 
Lab and Pilot-Scale Dryers

(Fluent)

Zonal Modelling
(gSOLIDS)
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Spray Drying: Prediction of Particle Properties
WP 4.5: M. Ali, T. Mahmud, P. J. Heggsand A. E. Bayly
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ÅDroplet drying models were developed and coupled with CFD models to gain better 
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Spray Drying: Prediction of Particle Properties
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Key Outcomes
ÅCrystallinity in amorphous and crystal size distribution in 

crystalline particles is predicted by drying models

ÅInfluence of operating conditions on drying process efficiency and 
dried powder characteristics is predicted

ÅCFD modelling results enable incorporation into PSEs multi-zonal 
modelling software for process optimisation
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ÅNovel method was developed to assess the breakability of pharmaceutical materials using 
aerodynamic dispersion technique

Particle size analysis at 
different dispersion pressures 

using Scirocco disperser

Fitting of the experimental 
data using a modified 

impact breakage model

Breakability 
Assessment Tool (BAT)

(gSOLIDS)
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Breakability Assessment of Pharmaceutical Materials
WP 4.6: W. P. Goh, T. Bonakdarand M. Ghadiri
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certain degree of breakage and that 
information can be used to analyse the 

breakage behaviour in the DEM 
simulations

- Breakage model available and 
the parameters can be calibrated 

using the breakage kernel
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ÅNovel method was developed to assess the breakability of pharmaceutical materials using 
aerodynamic dispersion technique

Particle size analysis at 
different dispersion pressures 

using Scirocco disperser

Fitting of the experimental 
data using a modified 

impact breakage model

Breakability 
Assessment Tool (BAT)

(gSOLIDS)

02/04/2019 ADDOPTDIGITAL DESIGN SHOWCASE

Breakability Assessment of Pharmaceutical Materials
WP 4.6: W. P. Goh, T. Bonakdarand M. Ghadiri
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Breakability Assessment

Shifting of 
particle size 

distribution with 
dispersion 
pressure

Experimental data

Malvern 
Mastersizer 2000 

(commercial)
Scirocco Disperser Unit

- Breakage is expressed in terms of shift 
of specific surface area

- Slope of the fitted line, hH/KC
2 gives a 

measure of the breakability of the 
material

Source of 
impact

Particles are 
dispersed at 

different dispersion 
pressure, causing 

different degrees of 
breakage

DEM Simulation
- Real particle shape is used 

to simulate pin milling of 
pharmaceutical materials

- Faceted Polyhedron with 
26 faces

- Breakage Kernel gives a measure of how 
much energy is required to induce 

certain degree of breakage and that 
information can be used to analyse the 

breakage behaviour in the DEM 
simulations

- Breakage model available and 
the parameters can be calibrated 

using the breakage kernel

Key Outcomes
ÅModel predicts the breakability of materials

ÅBAT model has been implemented in gPROMs, simplifying the 
analysis of the experimental data

ÅThe performance of pin mill is simulated and investigated using 
DEM
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ÅDiscrete Element Method (DEM) is used to predict continuous blending of pharmaceutical 
powders and optimise the process design

Particle 
Characterisation

Calibration of DEM 
Input Parameters

Process Design 
Optimisation

(gSOLIDS)

02/04/2019 ADDOPTDIGITAL DESIGN SHOWCASE

Continuous Blending: Prediction and Assessment
WP 4.7: M. A. Behjani, A. Hassanpourand A. E. Bayly
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Twin Screw Mixer (TSM) Continuous Mixing Technology (CMT) 

Selected particles 
are tracked in TSM

API agglomerates form 
in the mixing zone 1 

and break in the 
kneading zone 

Blending Simulation 
and Sensitivity 

analysis
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ÅDiscrete Element Method (DEM) is used to predict continuous blending of pharmaceutical 
powders and optimise the process design

Particle 
Characterisation

Calibration of DEM 
Input Parameters

Process Design 
Optimisation

(gSOLIDS)

02/04/2019 ADDOPTDIGITAL DESIGN SHOWCASE

Continuous Blending: Prediction and Assessment
WP 4.7: M. A. Behjani, A. Hassanpourand A. E. Bayly
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Twin Screw Mixer (TSM) Continuous Mixing Technology (CMT) 

Selected particles 
are tracked in TSM

API agglomerates form 
in the mixing zone 1 

and break in the 
kneading zone 

Blending Simulation 
and Sensitivity 

analysis
Key Outcomes

ÅSimulations predict influence of particle attributes and 
operating conditions on homogeneity of powder mixtures

ÅDEM modelling facilitates prediction and analysis of formation 
of undesired API agglomerates

ÅAdding a kneading section to the end of conventional TSMs 
attenuates the API agglomeration issue 
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Å Numerical simulation by DEM is used to develop a unified rheological description of flow of 
cohesive and faceted particles in Freeman Technology FT4 rheometer and screw feeder

02/04/2019 ADDOPTDIGITAL DESIGN SHOWCASE
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Å Cohesive faceted particles have been 
derived from DEM simulations.

Å Two different equations have been 
developed for dynamic powder flow 
behaviour.

Screw feeder

FT4 rheometer

Rheological 
Description
(gPROMS)

Experimental 
Validation of  the 

Model
Shape Cohesion

Strain 
rate

DEM Modelling

Prediction of Cohesive Powder Flow under Dynamic Conditions
WP 4.8: U. Zafar, , A. Lopez, V. Vivacqua, R. Hammond and M. Ghadiri
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Å Numerical simulation by DEM is used to develop a unified rheological description of flow of 
cohesive and faceted particles in Freeman Technology FT4 rheometer and screw feeder

02/04/2019 ADDOPTDIGITAL DESIGN SHOWCASE
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Å Cohesive faceted particles have been 
derived from DEM simulations.

Å Two different equations have been 
developed for dynamic powder flow 
behaviour.

Screw feeder

FT4 rheometer

Rheological 
Description
(gPROMS)

Experimental 
Validation of  the 

Model
Shape Cohesion

Strain 
rate

DEM Modelling

Key Outcomes
Å The ability to predict accurately how a new API will flow in the 

devices used for its processing to minimize manufacturing issues
Å The research will impact the powder processes and design of new 

processes for the pharmaceutical industry
Å The research can be merged in commercial software (PSE) and 

improve the current models used for predicting powder flow

Prediction of Cohesive Powder Flow under Dynamic Conditions
WP 4.8: U. Zafar, , A. Lopez, V. Vivacqua, R. Hammond and M. Ghadiri
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ÅAim: to combine DEM and DoEto understandof the effect of changingparticle shape
and/or cohesiveinteractionson flowability of pharmaceuticalpowders

DEM simulation of ring shear cell

Design of experiments: flowability
responses on particle size, shape, 

elasticity and surface energy 

Discrete element modelling 
of particle dynamics in ring 

shear cell tester

Reduced model/relationship 
for flowability, bulk cohesion
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Schulze ring shear cell test

Particle properties

Contact network from simulation

Shear curve prediction

Flowability(ffc) prediction

Mechanistic Powder Flow Models: FlowabilityPrediction
WP 4.8: C. Pei, X. Chen and J. Elliott
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ÅAim: to combine DEM and DoEto understandof the effect of changingparticle shape
and/or cohesiveinteractionson flowability of pharmaceuticalpowders

DEM simulation of ring shear cell

Design of experiments: flowability
responses on particle size, shape, 

elasticity and surface energy 

Discrete element modelling 
of particle dynamics in ring 

shear cell tester

Reduced model/relationship 
for flowability, bulk cohesion
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Schulze ring shear cell test

Particle properties

Contact network from simulation

Shear curve prediction

Flowability(ffc) prediction

Key Outcomes
ÅPowder flowability was characterized by the ring shear test and 

predicted using discrete element method

ÅThe effects of powder shape, size, friction, surface energy, on 
flowability and internal friction angle were studied

ÅSimplified models for flowability, internal friction angle and bulk 
cohesion were built for process optimization

Mechanistic Powder Flow Models: FlowabilityPrediction
WP 4.8: C. Pei, X. Chen and J. Elliott
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ÅAim: to translatedata from compactionsimulator into FEM/DEMfor tablet compactionand
understandthe ability of both blended and granulated powders to form stable compacts

Granule Compaction and Tabletting Models
WP 4.9: C. Pei, X. Chen and J. Elliott

Measure material properties and 
compaction behaviour from 

instrumented die 

Discrete element 
modelling/ Finite element 

modelling of tabletting

Stress concentration and 
failure mechanism of 

tabletting process
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Huxley Bertram Servo-Hydraulic 
Compaction Simulator

Density-Dependent Drucker-Prager Cap 
Plasticity Model

Tablet geometry represented by FEMBulk powder represented by DEM

FEM prediction of loading-unloading 
curves during tableting 

Instrumented die for tabletting
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ÅAim: to translatedata from compactionsimulator into FEM/DEMfor tablet compactionand
understandthe ability of both blended and granulated powders to form stable compacts

Granule Compaction and Tabletting Models
WP 4.9: C. Pei, X. Chen and J. Elliott

Measure material properties and 
compaction behaviour from 

instrumented die 

Discrete element 
modelling/ Finite element 

modelling of tabletting

Stress concentration and 
failure mechanism of 

tabletting process
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Huxley Bertram Servo-Hydraulic 
Compaction Simulator

Density-Dependent Drucker-Prager Cap 
Plasticity Model

Tablet geometry represented by FEMBulk powder represented by DEM

FEM prediction of loading-unloading 
curves during tableting 

Instrumented die for tabletting

Key Outcomes
ÅDensity dependent and density independent models have 

been developed and can be used in FEM package

ÅModels were parametrised with flat face and tested with 
multiple materials 

ÅModels can be supplied for implemented and used for blends 
and potentially combine excipients


