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28The die filing process within a lab-scale rotary tablet press is simulated using the Discrete Element
29Method (DEM). Powder is transferred from a gravity feeder (comprising of a cylindrical pipe, an inclined
30chute, and a rectangular box) into rotating dies. Spherical shape micro-crystalline cellulose particles
31serve as an experimental pendant to measure the particle size distribution (PSD) and to calibrate the
32micro-mechanical material properties entering in the DEM calculations. At first, the die filling process
33of the particles having poly-dispersity in size is explored by analyzing the basic metrics such as tablet
34mass, tablet mass variation, and mass flow rate. Particle size segregation is investigated by computing
35the PSD development in different locations of the feeding system and in the filled dies. In addition, par-
36ticles’ velocity and coloring analysis (both qualitative and quantitative) are performed. Results show that
37different zones of the system are involved in various powder flow phenomena constituting varying par-
38ticle size segregation causes. Next, the micro-mechanical properties, namely inter-particle cohesion,
39particle-particle and particle-wall friction, are varied one at a time to shed light on their influence on
40the particle size segregation and tablet quality. Finally, the influence of different material properties
41on various metrics are compared with each other providing a guide towards formulation optimization
42resulting in optimal tableting process performance.
43� 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
44reserved.
45

46

47

48 1. Introduction

49 Today solid dosage formulations constitute the most frequent
50 administration route of drug substances arising from outstanding
51 advantages of tablets as dosage forms. Some of them are for
52 instance the ease of handling, high production rates at low cost,
53 and self-administration providing patient compliance [1]. Tablets
54 are produced in industrial scale on high speed rotary tablet presses
55 with a productivity of e.g. max. 1.6 million tablets per hour [2]. The
56 production process can be divided into three distinct stages com-
57 prising die filling, compaction, and ejection. Each of them repre-
58 sents various challenges when it comes to tablet product quality
59 according to the Ph. Eur. [3]. Those requirements are the ‘‘friability
60 of uncoated tablets” [2.9.7], the ‘‘resistance to crushing of tablets”
61 [2.9.8], the ‘‘disintegration of tablets and capsules” [2.9.1], the
62 ‘‘uniformity of dosage units” [2.9.40], and eventually the ‘‘dissolu-
63 tion test for solid dosage forms” [2.9.3] [3]. However, all of the dis-
64 tinct process stages are intertwined with each other as well as with

65the product quality requirements. Hence in 2009 the International
66Council for Harmonisation (ICH) adopted the Quality by Design
67(QbD) paradigm for process development by introducing the ICH
68guideline Q8 to ‘‘build quality into products by design” using phar-
69maceutical development [4]. There are several options on how to
70implement the QbD approach into science-based manufacturing
71of pharmaceuticals such as process analytical tools, design of
72experiments, and implementation of risk management strategies
73but also process modeling and control via numerical simulations,
74see also [5].
75As the die filling stage during manufacturing defines the accu-
76rate mass as well as content and content uniformity of the active
77pharmaceutical ingredient (API) it has been focused by experimen-
78tal [6] and more recently by numerical research. In 2003 the first
79experimental system was mentioned to describe die filling in a
80model setup [7]. This system contained a stationary die and a mov-
81ing delivery system (shoe) providing the opportunity to determine
82flowability and the amount of powder collected in the die as a
83function of the shoe velocity [7]. It has also been used by others
84supporting process understanding of powder delivery into a con-
85fined space with respect to the influence of particle size and
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86 density, of air and vacuum, and of gravity and suction filling [7–
87 14]. In parallel to experimental studies the same system or adapted
88 versions have been used as a framework for numerical simulations
89 [11,15,13,16–23]. The geometry of these systems rather resembles
90 an eccentric feed press [24] limiting its transfer to the pharmaceu-
91 tical process. In high speed tableting the dies are moving under-
92 neath the delivery system which can be either shoe, hopper, or
93 feed frame [25]. This shortcoming has been eliminated by [26,27]
94 in which the powder is delivered in either a translating [26] or
95 rotating [27] die. Recently much more complex systems found in
96 rotary tablet presses with a closed feed frame system consisting
97 of one or more paddle wheels which force incoming powder to
98 pass into the dies of the rotating turret were developed [28–31].
99 Besides the limitations of the geometrical configurations, the

100 numerical setups constitute additional restrictions that impede
101 process understanding. Those include the much larger particle size
102 (e.g. [27–31]) and the significantly differing material properties
103 [28] considered compared to pharmaceutical powders. In addition,
104 the powder stress level in some of the studies is either not includ-
105 ing the normal stress exerted by powder mass in the feeding hop-
106 per (e.g. [26]) or lacks the re-filling of particles as mass is being
107 discharged into the dies (e.g. [29,30]).
108 Even though the poly-disperse particle size nature of pharma-
109 ceutical powders significantly affects the product quality [32,33]
110 it has only been taken into account by very few numerical studies
111 [23,26,29–31] due to high computational effort. For the model-die
112 filling system proposed by Wu et al. [11] Guo et al. [19] showed
113 that the mass flow rate is higher in case of poly-disperse particles
114 compared to mono-disperse particles. In addition, different fines
115 concentrations were identified along the die width and height
116 [20]. In a similar geometrical setup, Furukawa et al. [26] showed
117 that the percolation of small particles which progressed in the feed
118 shoe before particles were discharged into the die influenced seg-
119 regation to a greater extent than die velocity. Mateo-Ortiz et al.
120 [29] detected particle size segregation at low paddle wheel speeds
121 in the feed frame of a Manesty Beta Press.
122 Particle segregation, e.g. defined as the ‘‘unintentional de-
123 mixing of one or more components in a mixture of particulates”
124 [34], could be triggered by different physical mechanisms that
125 can be classified by the physical particle properties [35] as well
126 as the energy input [36]. For the former absolute particle size, par-
127 ticle size ratio, particle size distribution, fine particle concentra-
128 tion, particle shape, particle density, and particle flowability can
129 be named [37]. Furthermore different means to avoid, or control/
130 limit segregation, e.g. choosing an optimal interparticle cohesion,
131 have been suggested [38]. However, only very little is known about
132 particle size segregation during the tableting process impairing API
133 content and uniformity [39].
134 Numerical simulation of powder flow from a gravity feeder to
135 the dies within a lab-scale rotary tablet press [27] provided a com-
136 prehensive insight into the impact of process and material attri-
137 butes on the performance of the die filling process. The micro-
138 mechanical material properties such as cohesion, friction, and the
139 coefficient of restitution were systematically investigated and their
140 influence on different performance parameters analyzed. Even
141 though this work emphasized the importance of understanding
142 the effect of material and process attributes, the particles consid-
143 ered were still equal sized granules. Reference is missing when it
144 comes to the awareness of particle size segregation of materials
145 having a poly-disperse particle size distribution under differing
146 material properties. Consequently, the objectives of this work
147 using three-dimensional discrete element method (DEM) simula-
148 tions include a detailed investigation of particle size distribution
149 in the system of Gopireddy et al. [27]. Moreover this study is the
150 first of its kind investigating comprehensively the influence of

151particle properties on size segregation within an actual pharma-
152ceutical application system.

1532. Methodology

154This section presents the details about the mathematical
155approach, geometrical configuration as well as the numerical sim-
156ulations performed.

1572.1. Discrete element method

158After the introduction of the DEM in 1979 [40] it has evolved
159over almost 40 years to a well-known approach in particle technol-
160ogy and it is being used for different applications. This numerical
161model captures the trajectories of each and every particle in the
162system through Newton’s equation of motion offering the main
163advantage, compared to the continuum approach, of high resolu-
164tion in particulate flows. The details about the theory and algo-
165rithms are not the scope of this work but are well described in
166literature [41–43].
167All computations in this study were performed using the open
168source DEM software known as LIGGGHTS [44], version 3.2.1.
169The normal and tangential forces were modeled by the Hertz and
170the Mindlin & Deresiewicz theories, respectively [45]. The non-
171contact inter-particle force other than gravity was included
172through the simplified Johnson-Kendall-Roberts (JKR) model [46].
173All the force models as well as their implementation in LIGGGHTS
174are given by Kloss et al. [47] and the same models given by Gopir-
175eddy et al. [27] were used in this study.
176The impact of air on the particles was assumed to be negligible
177due to the dense particle packing and the closed system (tableting
178machine). This assumption was shown to be valid in the earlier
179studies [21,27].

1802.2. Geometrical setup

181The geometrical configuration consisted of a rectangular shoe,
182which was connected to a feeding system similar to actual tablet
183presses, and a rotating die table. This system is shown in Fig. 1,
184and it is identical to Gopireddy et al. [27], so detailed dimensions
185can be found in the same. The geometry was constructed with
186the open source finite element mesh tool known as Gmsh [48]
187and later imported as physical boundaries into LIGGGHTS.

1882.3. Material properties

189As mentioned in the introduction, powder flow of a poly-
190disperse particle size distribution (PSD) was simulated. The PSD
191of VIVAPUR MCC Spheres 500 (JRS Pharma GmbH & Co. KG, Rosen-
192berg, Germany), spherical particles of purely microcrystalline cel-
193lulose, was measured by laser diffraction (HELOS, Sympatec
194GmbH, Clausthal-Zellerfeld, Germany). The sizes and their corre-
195sponding density distribution (q3) of the VIVAPUR MCC Spheres
196500 were used to obtain the PSD in the simulation, as illustrated
197in Fig. 2. In total six different particle size fractions were modeled
198ranging from 167.5 to 402.5 µm out of which one particle size frac-
199tion (200–237.5 µm) with a proportion of 8.5% (w/w) served as the
200model ‘‘API”, confer Section 3.1.2.4. The micro-mechanical proper-
201ties (Table 1) as well as the particle density (1.6 g/cm3) were set
202constant for all particle sizes. No individual value for different par-
203ticle sizes have been set, rather the total bulk property was consid-
204ered that is usually also assessed in powder flowability
205experiments. This implies that a given particle property, i.e. the
206cohesion energy density in which the contact area is a function
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