
Powder Technology 424 (2023) 118520

Available online 5 April 2023
0032-5910/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Impact of material properties and process parameters on tablet quality in a 
continuous direct compression line 

Pauline H.M. Janssen a,b,*, Sara Fathollahi b, Bram Bekaert c, Dirk Vanderroost d, Timo Roelofs b, 
Valerie Vanhoorne c, Chris Vervaet c, Bastiaan H.J. Dickhoff b 

a Department of Pharmaceutical Technology and Biopharmacy, University of Groningen, Antonius Deusinglaan 1, 9713, AV, Groningen, the Netherlands 
b DFE Pharma, Klever Strasse 187, 47568 Goch, Germany 
c Laboratory of Pharmaceutical Technology, Ghent University, Ottergemsesteenweg 460, 900 Gent, Belgium 
d GEA Process engineering, Keerbaan 70, 2160 Wommelgem, Belgium   
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• Blend properties of low-dose and high- 
dose formulations were evaluated with 
PLS 

• Formulation behavior was mainly 
driven by the concentration of API 

• Excipient properties also had a sub-
stantial impact on formulation behavior 

• The relative performance of fillers 
differed for 1%w/w and 40% w/w 
formulations 

• Processability of ingredients is crucial 
for formulation design  
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A B S T R A C T   

The current paper shows how excipient properties impact the process parameters and the final tablet properties 
in a fully integrated continuous direct compression line. Blend properties of low-dose (1% w/w) and high-dose 
(40% w/w) paracetamol formulations were evaluated and linked to the blending and tableting performance via 
multivariate models (Partial Least Squares analysis, PLS). Feeding behavior was analyzed separately, as the 
amount of active pharmaceutical ingredient (API) that ended into tablets was driven by random fluctuations in 
the API feeding behavior. The developed PLS models elucidated that formulation behavior was mainly driven by 
the concentration of the active pharmaceutical ingredient (API), explained by the distinct API properties. 
Excipient properties also had a substantial impact on formulation behavior. Generally, formulations with 
microcrystalline cellulose as a filler showed better compactability, lower hold-up mass, lower flowability and 
higher cohesion than formulations with different lactose grades. The relative performance of a formulation with 
different fillers differed for 1% w/w and 40% w/w drug loading. Granular and spray dried lactose grades 
increased in compactability ranking compared to anhydrous lactose when evaluating higher drug loading, due to 

* Corresponding author at: Department of Pharmaceutical Technology and Biopharmacy, University of Groningen, Antonius Deusinglaan 1, 9713, AV, Groningen, 
the Netherlands. 

E-mail address: p.h.m.janssen@rug.nl (P.H.M. Janssen).  

Contents lists available at ScienceDirect 

Powder Technology 

journal homepage: www.journals.elsevier.com/powder-technology 

https://doi.org/10.1016/j.powtec.2023.118520 
Received 7 March 2023; Received in revised form 31 March 2023; Accepted 3 April 2023   

mailto:p.h.m.janssen@rug.nl
www.sciencedirect.com/science/journal/00325910
https://www.journals.elsevier.com/powder-technology
https://doi.org/10.1016/j.powtec.2023.118520
https://doi.org/10.1016/j.powtec.2023.118520
https://doi.org/10.1016/j.powtec.2023.118520
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2023.118520&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Powder Technology 424 (2023) 118520

2

the difference in morphology. It was shown that besides understanding the impact of excipients on the formu-
lation performance, processability of ingredients is crucial for formulation design.   

1. Introduction 

The pharmaceutical industry is constantly searching for solutions 
that can improve manufacturing processes. Continuous operation is an 
approach that compared to batch-wise operation is considered to 
improve cost efficiency and product quality. Additionally, continuous 
operation provides improved efficiency and increased batch-size flexi-
bility [1–4]. It is also encouraged by regulatory bodies, since it is in line 
with the Quality by Design paradigm for pharmaceutical development 
[5,6]. Continuous operation of production processes is getting a lot of 
attention in the industry, especially for the production of tablets by 
direct compression. In comparison to granulation techniques, direct 
compression has fewer manufacturing steps and pieces of equipment, 
reduced processing times, reduced labor costs, less process validation, 
lower consumption of powder, and there is no need to use heat or liquid 
in the process [7]. Unit operations of powder-to-tablet continuous direct 
compression (CDC) lines include feeding, blending and tableting. Other 
operating units, like milling or coating are optionally included. 

In batch manufacturing processes for tablets, ingredients are typi-
cally dispensed in a blender and the product is removed from the process 
after each unit operation for offline quality testing. Continuous pro-
duction processes in contrast generally consist of several unit operations 
that are combined through an automated control system [8,9]. At steady 
state conditions, the material is entering and exiting each unit operation 
at the same mass flow rate. Due to the inherent differences between 
batch and continuous processes, existing knowledge of batch 
manufacturing is not always directly transferable to continuous pro-
cesses. Each individual processing step therefore has to be re-designed 
for continuous operation. 

A continuous manufacturing process typically starts with feeding of 
raw material into the processing line [10]. The feeder performance de-
termines the amount of a component that ends up in the final product 
and is therefore critical for product quality [11–13]. The inability to 
maintain targeted material concentrations in the process stream can lead 
to quality failures, such as out-of-specification dosage form assay and 
content uniformity [11,14,15]. Many authors have reviewed the 
importance of understanding the physical properties of raw materials 
and their impact on feeding [4,11,16–18]. Prior knowledge of physi-
cochemical material properties can provide indications of how the 
powder will behave during processing and can support the optimal se-
lection of feeder design. Material properties that are mentioned in the 
literature to be relevant for feeder performance include amongst others 
shape, particle size distribution, density, compressibility, and flow 
properties [11,16,19,20]. Due to the multi-variate nature of raw mate-
rials, however, it is typically not straightforward to determine which 
properties influence the feeding process most significantly [11,21]. 
Multivariate analysis (MVA) tools therefore have gained a lot of popu-
larity for the evaluation of the impact of material properties on feeder 
performance [17,18,21–23]. The goal of the developed MVA models so 
far has been to predict the feeding behavior of new powders based on 
similarities in material properties. This allows optimal selection of the 
most suitable material, feeder capacity, feeding mechanism, and screw 
type, thereby leading to more efficient and faster development of new 
drug products. 

The second step of a CDC line is blending, which typically is achieved 
by two consecutive continuous blenders. The first blender is used to 
blend materials that require intensive mixing, like the API and most of 
the excipients. The second blender is used to blend material from the 
first blender with additional materials that are shear-sensitive or require 
limited mixing, like lubricants. Blending is performed to create a 
formulation that allows manufacturing of constant unit doses by the 

tableting machine. The key criterium for mixing is to create a homo-
geneous blend, allowing consistent API delivery in each unit dose. 
Batch-wise powder blenders typically have a couple of limitations, 
including difficulty in scaling and flexibility [24]. Continuous blending 
processes do not have these issues, as the batch size is determined by the 
process run time rather than the blender size. Additionally, continuous 
blending typically results in better content uniformity than batch 
blending processes, provided that stable feeding is obtained for all 
components [13,25–27]. The homogeneity of a batch is shown to be 
more dependent on material properties of powders being mixed in a 
batch blending process than in a continuous blending process 
[13,25,27]. Research on continuous blending therefore primarily has 
been focused on the effect of process parameters and design [28–31]. 

The final step of a CDC line is the continuous tableting process. 
Commercial tableting processes are inherently continuous, and they can 
be combined with preceding unit operations to create a continuous 
process. In a batch-wise process, hoppers are typically filled in portions, 
while in a continuous process the hoppers are filled continuously. Due to 
its importance in batch-wise processing, the impact of material prop-
erties on compaction processes was intensively studied [32]. The success 
of the compaction process depends mainly on the material properties of 
the ingredients, especially their deformation behavior. Moisture con-
tent, surface properties, flow properties, particle size distribution, 
polymorphism, and amorphism are some of the properties that also have 
been identified to impact a compaction process [32–38]. Important to 
note is that even though specific material properties have been identi-
fied to impact a compaction process, efficient development of robust 
tableting processes is still experienced to be challenging due to the lack 
of mechanistic understanding of the impact of the complete set of raw 
material properties on tablet quality [39]. 

Many studies have been performed to understand the impact of 
material properties on individual unit operations, but limited research 
has been performed on fully integrated CDC lines. Research on fully 
integrated CDC lines has mainly been performed focusing on the effect of 
process parameters and process design [40–42], or on process analytical 
tools (PAT) and control strategies [43,44]. Additionally, case studies on 
challenging formulations have been performed. Formulation strategies 
for low-dose formulations [40], high-dose formulations [41,45] and 
formulations with a high segregation tendency [26,46] are reported. It 
was concluded that CDC lines are in particular useful for high drug load 
compositions of poorly flowing blends that could not be processed via 
batch manufacturing. 

Limited studies have been performed so far to directly correlate the 
impact of material properties on the final product quality in a fully in-
tegrated CDC line. The relevance of evaluation in integrated systems is 
however often acknowledged, as the combination of the separate unit 
operations will determine the final product quality. For example the 
acceptable feeding variation depends on the downstream process and 
the performance of the blender to dampen out feeder fluctuations [20]. 
Studies investigating integrated CDC lines mainly have been focused on 
specific formulations and do not quantify correlations between the 
material properties and CDC responses [47]. In the current paper, the 
impact of excipient properties on the process parameters and the final 
tablet properties in a fully integrated CDC line was investigated. In this 
integrated study, blend properties of low-dose (1% w/w) and high-dose 
(40% w/w) formulations with ten different filler combinations are 
evaluated and linked via partial least squares (PLS) regression to the 
blending and tableting performance. It is the first time that a structured 
approach was used to evaluate both low and high dose formulations 
with such a variety of fillers. 
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2. Materials and methods 

2.1. Materials 

Spray dried lactose (SuperTab® 11SD), granulated lactose mono-
hydrate (SuperTab® 30GR), anhydrous lactose (SuperTab® 22AN), 
granulated anhydrous lactose (SuperTab® 24AN), microcrystalline cel-
lulose (Pharmacel® 102), silicified microcrystalline cellulose (Pharma-
cel® sMCC90) and co-processed lactose-lactitol (SuperTab® 40LL) were 
obtained from DFE Pharma (Goch, Germany). Twenty different formu-
lations were produced with sodium starch glycolate (Primojel®, DFE 
Pharma, Goch, Germany), magnesium stearate (technical grade, Sigma 
Aldrich, Saint Louis, MO, USA) and paracetamol powder (Acetamino-
phen USP/Paracetamol Ph Eur Powder, Mallinckrodt, Raleigh, NC, USA) 
as indicated in Table 1. 

2.2. Blend characterization 

A blend of 2 kg for each formulation (F1 till F20) was produced using 
a tumbling mixer (Inversina Turbula 20 L, Bioengineering AG, 
Switzerland). All ingredients excluding the lubricant were transferred 
into a drum and blended at 25 rpm for 15 min at a fill volume of 
approximately 60% v/v. Magnesium stearate was added and blended for 
an additional 5 min at 15 rpm. Blends were characterized for particle 
size, compressibility, permeability, density and porosity, flow, and wall 
friction angle using the protocols described by Van Snick et al. [22]. 

All formulations were compressed using a STYL'One Evolution 
compaction simulator (Medelpharm, Beynost, France) with 10 mm cy-
lindrical flat beveled Euro B punches (Natoli Engineering Company, 
Saint Charles, MO, USA). Tablets were compressed at six main 
compression forces (5, 10, 15, 20, 25 and 30 kN) with a fixed pre- 
compression force of 1.5 kN. A compression profile simulating the 
MODUL P rotary tablet press was used at a simulated turret speed of 50 
rpm and an upper punch penetration depth of 3.25 mm. Target tablet 
weight and overfill level were set at 175.4 mg and 2 mm, respectively. 
Tablets were collected at the predefined compression forces and 
analyzed on tablet crushing force (SmartTest 50, Sotax, Basel, 
Switzerland). The compactability (Comp. at plateau) was defined as the 
plateau and/or peak value of the tensile strength. Tablets produced at 
the peak tensile strength were used to calculate the in-die yield strength 
(PyS) via linear regression of the linear portion of the Heckel plot 
[48,49], according to: 

− lnε =
1

PyS
• P+A (1) 

The in-die porosity (ε) was calculated from the tablet thickness and 
diameter measured with the compaction simulator, while tablet weight 
and true density were determined after ejection. 

Table 2 provides an overview of characterization methods, material 
descriptors and their abbreviations. 

2.3. Continuous Direct Compression (CDC) evaluation 

Continuous Direct Compression (CDC) trials of the twenty different 
formulations were performed on a ConsiGma® CDC 120LB2 - MS line 
(GEA, Wommelgem, Belgium), of which a schematic overview is pro-
vided in Fig. 1. Three different feeders containing paracetamol, super-
disintegrant and a filler were integrated with the first continuous 
blender, and an additional feeder with lubricant was integrated with a 
second continuous blender. The final blend was compacted on an inte-
grated tablet press (MODUL S, GEA, Wommelgem, Belgium). 

2.3.1. Feeding set-up 
Based on prior experimental determination, the feeders for the filler, 

paracetamol and superdisintegrant were geared with coarse concave 
screws (gear ratios of 63:1, 235:1 and 235:1 respectively). The feeder for Ta
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magnesium stearate was geared with a fine concave screw (gear ratio 
455:1) and an additional outlet mesh of 2 mm. Re-filling of the hoppers 
of the top-up systems for good flowing materials (i.e. fillers and super-
disintegrant) was performed with pneumatic transport, while re-filling 
of the hoppers of the top-up systems for more cohesive components (i. 
e. paracetamol and magnesium stearate) was performed in a gravimetric 
mode with poly-ethylene bottles. When multiple fillers were used, one 

feeder was used for feeding a pre-blend of the fillers. Pre-blends were 
created by blending for 15 min at 25 rpm on a 60 L IBC blender with a fill 
volume of approximately 60% v/v. The speed of the feeder screws was 
optimized by the feeder control system to ensure a total system flow rate 
of 20 kg/h. Feeder data was collected every second, and feeding vari-
ability was determined on a 1 s timescale. 

2.3.2. Blending set-up 
The main blender was equipped with 11 centered radial mixing 

blades (RMB) rotating at 300 rpm for most trials. Formulations F1, F2, 
F7, F8, F9 and F10 were also tested with radial mixing blades rotating at 
200 rpm, but were not considered for further analyses. The lubricant 
blender was equipped without radial mixing blades and rotates at 200 
rpm. Fill levels in the blender were determined by stopping the blender 
instantaneously and collecting the powder mass pneumatically. 

2.3.3. Tableting set-up 
The MODUL S tablet press was equipped with 38 punches with 8 mm 

round flat beveled Euro B punches (Natoli Engineering Company, Saint 
Charles, MO, USA) with a score line in order to produce tablets with a 
target tablet weight of 175.4 mg. The turret speed was set to 50 rpm to 
match the system flow rate of 20 kg/h. Two standard curved paddles 
rotating at 58 rpm and 70 rpm were installed in the forced feeder. The 
pre-compression force was set to 1.5 kN and the target main compres-
sion force was 10 kN. During the process, no control loops were acti-
vated. After 5 min of running at the correct settings, sampling of tablets 
was initiated. Thirty consecutive grab samples of 20 s were collected. 
The target compression force was changed to 5 and 15 kN and after 5 
min of steady state processing at each of these compression forces one 
sample of 20 s was collected. 

2.4. Tablet analyses 

Twenty randomly selected tablets from all uneven sample bags were 
analyzed on tablet crushing force, weight, diameter and thickness (n =
20) using an automated tablet tester (Sotax AT50, Basel, Switzerland). 
The force to break the tablet is measured at a constant speed of 2 mm/s, 
and the maximum force needed to break the tablet is used as tablet 
crushing force. The tablet tensile strength (TTS) is derived from the 
tablet crushing force (TCF), diameter (D) and tablet height (H) for flat 
beveled tablets [50]: 

TTS =
2 • TCF

π • D • H
(2) 

The porosity of the compacts is calculated from the tablet mass (m) 
and volume (V) and the true density (ρtrue) of the blend, according to: 

εtablet = 1 −
(m/V)

ρtrue
(3) 

Three randomly selected tablets from sample bags 1, 5, 10, 15, 20, 25 
and 30 of each formulation were evaluated with a UV-VIS spectropho-
tometer (Shimadzu UV-1650PC, Shimadzu Corporation, Kyoto, Japan) 
to determine the API concentration. Each tablet was dissolved and ho-
mogenized in 50 mL distilled water, diluted 1/50 times (for 1% w/w 
drug loading) or 1/200 times (for 40% w/w drug loading) and measured 
at a wavelength of 243 nm with a 1 cm cell. 

2.5. Multi-variate analyses 

SIMCA-P 16 (Umetric, Umeå, Sweden) was used to execute Partial 
Least Square (PLS) regression on the available data. The parameters in 
Table 2 and σMF,API, σMF,filler, σMF,PJ, σMF,MgSt, FD, PCH and MCH were 
considered as predictors (X), while the other parameters in Table 3 were 
included as response parameters (Y). Datasets were pre-treated prior to 
PLS regression via unit variance scaling and mean-centering. Next, log 
transformation was applied to non-normally distributed responses. Each 

Table 2 
Overview of the characterization methods, blend descriptors, and their respec-
tive abbreviations.  

Characterization 
method 

Descriptor Abbreviation 

Malvern 

The size below which 10% v/v of the 
particles is found (μm) 

x10 

The size below which 50% v/v of the 
particles is found [median size] (μm) 

x50 

The size below which 90% v/v of the 
particles is found (μm) x90 

Flowpro Flow through an orifice (mg/s) FP 
FT4 powder 

rheometer 
Compressibility at 15 kPa (%) C_15kPa 
Permeability at 15 kPa (mbar) k_15kPa 

Helium pycnometer True density (g/mL) ρtrue 

Tapping device 
Bulk density (g/mL) ρb 
Tapped density (g/mL) ρt 
Hausner ratio (− ) HR 

Ring shear tester 

Effective angle of internal friction (◦) φint 
Cohesion (Pa) τc 
Flow function coefficient (− ) ffc 
Major principal stress (Pa) MPS 
Unconfined yield stress (Pa) UYS 
Wall friction angle (◦) WFA 

Compaction 
Simulator 

Compactability (MPa) 
Comp. at 
plateau 

Yield strength (MPa) PyS  

Fig. 1. Schematic overview of the ConsiGma® CDC 120LB2 - MS line. Three 
different feeders were integrated with the first continuous blender, and an 
additional feeder with lubricant was integrated with a second continuous 
blender. The final blend was compacted with an integrated tablet press. 

P.H.M. Janssen et al.                                                                                                                                                                                                                          



Powder Technology 424 (2023) 118520

5

model was optimized to increase the goodness of fit (R2) and the pre-
dictive ability (Q2). Variables with a poor fit (i.e. R2Y < 0.3) or no sig-
nificant correlation were removed from the models if their removal had 
a significant impact on the R2 and Q2 (i.e. R2Y increased with >0.1). An 
additional principal component was included in the model when the 
component added new information, the R2Y increased with >0.1, or 
when the Q2 increased with >0.1. One model describing the twenty 
trials with 1% w/w and 40% w/w drug loading was created and opti-
mized. Additionally, two separate models were developed for both the 
1% w/w and 40% w/w drug loading trials to evaluate if the impact of 
fillers would differ for different API concentration. 

3. Results and discussion 

3.1. Processing challenges 

The trials revealed some challenges that could happen during pro-
cessing in an industrial environment. The processability of ingredients in 
a continuous direct compression line is therefore crucial in formulation 
design, on top of the expected properties of the final dosage form. Two 
types of observed challenges and potential ways to deal with them are 
outlined below. 

The first type of challenges observed during trials was related to the 
compressibility and low fluidization potential of MCC (PH102). Ratholes 
were formed when this material was put under pressure, which required 
operator intervention. First of all, the pneumatic transport of this ma-
terial was more challenging than for the other fillers, requiring manual 
vibration of the material packaging for the refill of the hopper. Addi-
tionally, the flow from the hopper into the feeders was often obstructed, 
requiring manual hammering of the hoppers. Hammering was also 
required during die filling of formulations from these fillers with both 
1% and 40% w/w drug loading. During normal operation, the fill level of 
the feed tube for die filling is controlled via sensors, but dust formation 
of these formulations misled the sensors and required operator inter-
vention. All these operator interventions increased the labor intensity, 

reduced the control and resulted in risks for obstructions in the process. 
Additionally, hammering could damage the equipment, providing a risk 
for abortion of the process. 

The second type of challenges observed during execution of experi-
ments was related to the rotational speed of the main blender. Six of the 
formulations were tested with 200 rpm as blending speed, of which two 
showed blending challenges. Formulations with 40% w/w drug loading 
and 11SD or 24AN as a filler resulted in material build-up in the blender 
and eventually blocking of the blender screw. It was hypothesized that 
the blender blockage in this case was related to the good flow properties 
of 24AN and 11SD, as flooding of these materials was observed in the 
blender and the header during these experiments. Flooding of these 
fillers through the conveying blades of the blender, combined with 
limited interaction of the filler with the paracetamol powder, could have 
resulted in accumulation of the paracetamol at the initial part of the 
blender [51]. Formulations with 40% w/w drug loading with PH102 as a 
filler did not show any issues in the blending. The cohesive nature of this 
powder blend resulted in the absence of flooding. Formulations with 1% 
w/w drug loading and PH102, 11SD or 24AN did also not show such 
issues in the blender, explained by the lower concentration of drug 
loading that results in lower risks for accumulation. Lastly, formulations 
that were blended with 300 rpm as rotational speed also showed no 
blending issues. Formulations blended with 300 rpm as rotation speed 
were therefore considered for further evaluation. Current observations 
therefore show the importance of alignment of process settings with 
material properties. 

3.2. Feeder evaluation 

No data obtained from the feeders (σMF,API, σMF,filler, σMF,PJ, σMF,MgSt, 
FLC, σFLC) and off-line UV-VIS spectrophotometry (LC, σLC) were 
included in the partial least squares (PLS) analyses, but data were 
evaluated separately. Data were excluded from the PLS as the R2Y for 
these parameters was below 0.3, indicating poor correlation with the 
other variables. The absence of a correlation between feeder data and 
the other variables was explained by the neglectable amount of variation 
in excipient feeding compared to the variation in API feeding, as can be 
observed in Table 4. API feeding was done before mixing with the 
excipient, and variation in the API content is therefore independent of 
the formulation composition. 

Fillers showed a similar ranking on mass flow variability (σMF,Filler) 
when used for the 1% w/w and 40% w/w drug loading formulations 
(Supplementary Fig. 1). Mass flow variability of the fillers (σMF,Filler) 
varied from 0.3 to 4.5%, indicating that the properties of the filler have a 
substantial effect on the mass flow variability. Further research is rec-
ommended to correlate the filler properties to the mass flow variability 
in more detail. No correlation between the feeder label claim variability 
(σFLC) and the mass flow variability of the fillers (σMF,filler) was observed 
(Supplementary Fig. 2). In contrast, linear correlations between the 
feeder label claim variability (σFLC) and the mass flow variability of the 
API (σMF,API) with R2 > 0.9 were observed for both 1% w/w drug loading 
and 40% w/w drug loading formulations (Supplementary Fig. 3). Fluc-
tuations in the composition of the blend were therefore dominated by 
fluctuations in the API mass flow, which randomly varied over the 
different trials. The mass flow variability of the API was 8.2 ± 5.7% for 
40% w/w drug loading formulations, while the mass flow variability of 
the API was 4.8 ± 2.4% for 1% w/w drug loading formulations. This was 
in contrast with previous research, as typically the API feeding consis-
tency decreases at lower mass flow [15]. Higher mass flow variability for 
40% w/w drug loading formulations was partly explained by bridging of 
the API in the feeder, which was more often observed at higher mass 
flow. Additionally, layering of the API on the screw surface was thought 
to have an impact. Screws were operated close to the upper limit of the 
screw speed for API feeding in the 40% w/w drug formulations, which 
provided limitations in potential adjustments when the feed factor of the 
screw (the amount of material delivered per revolution of the feeder 

Table 3 
Overview of the unit operations, collected responses, descriptors and corre-
sponding abbreviation considered during multivariate analyses (MVA).  

Unit operation Descriptor Abbreviation 

Feeders Mass flow variability [1 s] API (%) σMF,API 

Mass flow variability [1 s] filler 
(%) 

σMF,filler 

Mass flow variability [1 s] PJ (%) σMF,PJ 

Mass flow variability [1 s] MgSt 
(%) 

σMF,MgSt 

Feeder label claim (%) FLC 
Feeder label claim variability [1 s] 
(%) 

σFLC 

Main and lubricant blender Main blender hold-up mass (g) HM1 

Lubricant blender hold-up mass 
(g) 

HM2 

Compression station Fill depth (mm) FD 
Pre-compression height (mm) PCH   

Pre-compression displacement 
variability (%) 

σPCD 

Main compression height (mm) MCH 
Main compression height 
variability (%) 

σCH 

Main compression force variability 
(%) 

σCF 

Ejection force (N) EF 
Tablet analysis Tablet tensile strength (MPa) TS 

Tablet tensile strength variability 
(%) 

σTS 

Tablet weight variability (%) σMass 
Tablet porosity (− ) ε_t 

Off-line UV-VIS 
spectrophotometry 

Label claim (%) LC 
Label claim variability (%) σLC  
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screw) reduced as the result of API layering on the screw surface. 
Layering of the API on the screw surface was confirmed by the higher 
variation in the feed factor and the increasing required screw speeds for 
40% w/w drug loading formulations. 

A correlation was observed between the off-line label claim values 
(LC) and the measured off-line label claim variability (σLC). When label 
claim (LC) values were substantially deviating from the target of 100%, 
higher label claim variability was observed. This correlation could be 
explained by coincidental inclusion of certain tablets from a timepoint 
with extremely deviating API concentrations. These tablets impacted 
both the label claim (LC) and the label claim variability (σLC) 
substantially. 

No direct correlation between the feeder label claim variability 
(σFLC) and the measured off-line label claim variability (σLC) was 
observed. The absence of this correlation could be due to different fac-
tors. First of all, feeder label claim variability (σFLC) was calculated from 
the time period that gravimetric feeding was performed. During re-fill of 
the hoppers however, the feeders were running in volumetric mode. This 
time period could have a major effect on the actual label claim and label 
claim variability, although it was not included in the calculations [20]. 
In contrast, the off-line testing samples were collected at regular time 
intervals, which could coincide with a volumetric feeding period. 
Additionally, the number of samples and sample frequency used for 
determining the off-line label claim variability (σLC) can substantially 
impact the results. In this study, the label claim variability (σLC) was 
determined using 21 tablets, grouped in threes and sampled at seven 
different time points. The variability in API content observed in these 21 
tablets may not accurately reflect the variability across a larger tablet 
population of approximately 19,000 tablets. Random sampling of tablets 
that deviate from the feeder label claim due to temporary feeder fluc-
tuations had a significant impact on the off-line label claim variability 
(σLC). Selection of tablets that were not affected by these temporary 
fluctuations was impossible, due to the absence of PAT tools that could 
provide detailed real-time information or information on the residence 
time distribution of the material in the different operating units. 

3.3. PLS model including both API concentrations 

Fig. 2 shows the score and loading plot from the partial least squares 
(PLS) analyses of the available data for all twenty formulations. Besides 
the mentioned feeder and label claim data, hold-up mass in the lubricant 
blender (HM2), and the pre-compression displacement variability (σPCD) 
were removed from the model. R2Y values for these parameters were 

below 0.3, indicating poor correlation with the other variables. The 
hold-up mass in the lubricant blender (HM2) was not related to the 
formulation composition, as blender 2 was only used as a conveying line 
with fixed speed and configuration. The hold-up mass of this blender 
therefore only depended on the throughput of the processing lines, 
which was fixed to 20 kg/h. Pre-compression displacement variability 
(σPCD) was also not related to the formulation composition, because the 
pre-compression displacement was fixed at 0.2 mm and variability in 
this parameter is due to operational limitations. Coefficient plots for the 
different response parameters are provided in Supplementary Fig. 4 till 
Supplementary Fig. 7. 

The score plot of the PLS model showed a clear horizontal split be-
tween formulations with a 1% w/w drug loading (left) and a 40% w/w 
drug loading (right). This horizontal grouping over principal component 
one (PC1) with an R2X of 0.46 suggests that the formulation behavior 
was mainly driven by the API concentration. Horizontal grouping by API 
concentration was explained by the distinct API properties that have a 
substantial impact on formulations with 40% w/w drug loading, while 
filler properties are less variable. The impact of the used filler was 
gradually observed over the vertical axis, with an R2X of 0.30. The 
vertical position of the used filler was similar for 1% w/w and 40% w/w 
drug loading formulations, and driven by the excipient properties. The 
vertical spread in the score plot was lower for 40% w/w formulations 
than for 1% w/w formulations, explained by the higher proportion of 
filler in 1% w/w formulations. No third component was included in the 
model, as the R2X of principle component 3 was only 0.06. 

Parameters located at the left or right position in the loading plot 
represent parameters for which the variability was driven by the API 
concentration. Predictors that were substantially different for the used 
API compared to the fillers and for which the position is driven by the 
API concentration, include the true density (ρtrue), compactability pa-
rameters (PyS, Comp. at plateau), powder flow (FP, ffc) and cohesion 
indicators (τc, UYS, C_15kPa, HR, φint). True density was higher for 
formulations with 1% w/w drug loading, explaining the observed lower 
tablet porosity (ε_t) for these formulations. Compactability, tablet ten-
sile strength (TS) and powder flow parameters were higher for formu-
lations with 1% w/w drug loading, due to the higher amount of filler in 
these formulations. All used fillers are developed for use in direct 
compression processes and are therefore well compactable with easy to 
free flowing behavior and low cohesion. Cohesion is mainly driven by 
the API concentration and is higher for formulations with 40% w/w drug 
loading. Cohesion was also slightly higher for formulations containing 
microcrystalline cellulose (MCC) as a filler in the formulation, in line 

Table 4 
Off-line UV-VIS spectrophotometry data (LC, σLC) and feeder response data (FLC, σFLC, σMF,API, σMF,filler, σMF,PJ, σMF,MgSt) of the twenty trials. No feeder data is available 
for F9, due to technical data acquisition issues during this trial.  

Form. API (%) Filler LC (%) σLC (%) FLC (%) σFLC (%) σMF,Filler (%) σMF,API (%) σMF,PJ (%) σMF,MgSt (%) 

F1 1 11SD 99.0 4.1 101.0 3.4 0.5 3.4 0.5 2.3 
F2 40 11SD 99.7 1.8 98.4 14.6 1.3 14.5 2.3 4.3 
F3 1 30GR 103.7 2.4 101.2 4.7 0.3 4.8 1.3 4.5 
F4 40 30GR 103.1 3.5 99.1 1.9 0.3 3.1 2.9 2.1 
F5 1 22AN 104.5 3.3 100.2 9.4 1.8 9.3 1.2 1.7 
F6 40 22AN 100.7 1.5 99.4 2.6 2.5 3.6 2.8 3.5 
F7 1 24AN 76.7 14.2 99.7 3.7 0.8 3.8 2.7 1.6 
F8 40 24AN 99.1 2.9 99.8 1.6 0.8 2.5 2.4 2.7 
F9 1 102 82.3 23.8 *not available due to technical issues 
F10 40 102 100.5 0.8 99.7 2.2 1.8 3.3 2.4 3.0 
F11 1 24AN/PH102 (75:25) 100.2 1.6 102.9 6.5 4.3 4.4 1.8 2.1 
F12 40 24AN/PH102 (75:25) 91.0 6.0 94.3 7.1 4.5 11.0 1.6 2.5 
F13 1 24AN/PH102 (50:50) 81.5 15.7 96.3 8.5 1.1 8.6 2.7 1.7 
F14 40 24AN/PH102 (50:50) 98.9 1.5 100.0 1.6 1.2 3.0 2.6 2.3 
F15 1 24AN/PH102 (25:75) 103.0 2.7 99.4 2.9 1.6 2.6 2.1 2.1 
F16 40 24AN/PH102 (25:75) 93.7 4.2 95.1 8.4 1.6 12.6 1.2 2.4 
F17 1 PHs90 100.8 1.4 98.7 3.2 0.5 3.2 2.0 3.0 
F18 40 PHs90 93.7 7.6 88.0 11.7 0.4 17.7 2.7 2.7 
F19 1 40LL 103.1 2.0 100.7 3.3 0.8 3.2 2.0 2.0 
F20 40 40LL 100.1 2.4 95.3 7.3 1.0 10.9 2.0 1.7  
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with high specific surface area of this material combined with the lower 
powder density [52], resulting in less gravitational forces that drive 
powder flow [53]. Higher cohesion results in higher fluctuations during 
die filling and consequently in variability of multiple tablet response 
parameters (σCH, σMass, σTS, σCF). 

Formulations containing (silicified) MCC (PH102, PHs90) were 
located at the bottom of the score plot, followed by lactose/MCC blends 

with increasing lactose/MCC ratios (24AN/PH102 (25:75), 24AN/ 
PH102 (50:50), 24AN/PH102 (75,25)), spray dried and granulated 
lactose grades (40LL, 30GR, 11SD) and anhydrous lactose (22AN). Pa-
rameters located at the top or bottom position in the loading plot 
represent parameters for which the variability was driven by the 
excipient type. The used API in this study had a median particle size of 
32 μm, while the used fillers all have median particle sizes of 80 μm or 

Fig. 2. Partial Least Squares score plot (a) and loading plot (b) for twenty formulations evaluated on a continuous direct compression line. Labels indicate the used 
filler(s) in the formulation, which were blended with 4% w/w superdisintegrant, 1% w/w magnesium stearate and 1% or 40% w/w paracetamol powder. 
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higher [52]. The fine part of the particle size distribution of the for-
mulations was therefore highly impacted by the API concentration, 
while the coarser part was driven by the particle size of the filler. 
Additional predictors that drive the vertical spread of the formulations 
and were therefore driven by the properties of the used fillers included 
compactability related parameters (PyS, Comp. at plateau, MCH) and 
density related parameters (ρb, ρt, FD, PCH). 

Compactability parameters were highest for plastically deforming 
MCC grades, in line with the higher tensile strength (TS) for this mate-
rial. The variability in tensile strength (σTS) was inversely correlated to 
the tensile strength and therefore slightly higher for lactose formula-
tions. Similar absolute variation in tensile strength results in lower 
relative variability when the tensile strength is higher. The main 
compression height (MCH) was also inversely correlated to compact-
ability predictors of a material, explained by the force development 
during tableting which is higher when the compactability of a material is 
low. The ejection force (EF) was completely driven by the type of filler in 
the formulation, due to the high impact of deformation mechanism on 
this parameter. Brittle materials, located at the top of the score plot, 
create higher frictional forces with the die walls than plastic deforming 
materials. This relates to the presence of unlubricated surface at the 
tablet-die wall interface upon fracture during compaction [54]. Ejection 
force was also correlated to the main compression height during tab-
leting. Higher main compression height results in higher tablet thick-
ness. If more particle surface is available for contact with the die wall, 
larger ejection forces may be required to remove the compact. 

Density related parameters were mainly driven by the type of filler 
used in the formulation, although for some parameters an impact of the 
API concentration was observed. Bulk density (ρb) and filling depth (FD) 
were mainly driven by the filler properties, as variability in bulk density 
of fillers spanned from 0.33 to 0.68 g/mL [52], while the API had a bulk 
density of 0.32 g/mL. Tapped density (ρt) was also impacted by the API 

concentration, as better packing efficiency could be obtained with a 
higher fines content as the result of higher drug loading [55]. Density 
parameters were located in the top part of the loading plot, indicating 
higher density for lactose formulations, with 22AN formulations having 
the highest density. The coefficient plots in Supplementary Fig. 4 indi-
cated that the hold-up mass in blender 1 (HM1) was mainly driven by 
the bulk and tapped density of the formulations, related to the fixed 
volume that fits into the blender. The hold-up mass in blender 1 (HM1) 
varied from 1.0 to 2.2 kg. Larger hold-up mass might be beneficial when 
more mixing is required to achieve a good label claim variability. This 
can be especially relevant with unpredictable feeding performance of 
the API, as indicated in section 3.2 of this paper. In case the feeding 
performance of the filler is driving the label claim variability, larger 
hold-up masses might be required for formulations containing 24AN/ 
PH102 (75:25), 22AN or PH102 as these fillers showed the highest mass 
flow variabilities of 1.8–4.5%. All other fillers showed mass flow vari-
abilities below 1.6% and provide low risk for higher label claim vari-
ability. MCC grades did show the lowest hold-up mass and therefore the 
lowest amount of material that is in-process and at risk. Pre-compression 
height (PCH) was driven by differences in bulk density as well, as the 
initial force build-up during tableting originates from resistance of the 
powder for volume reduction. 

A detailed explanation on the position of and the relationship be-
tween the different variables and response parameters is provided in 
Supplementary section A. 

3.4. PLS models per API concentration 

Fig. 3 shows the score and loading plots from the partial least squares 
(PLS) analyses of the available data for formulations with 1% w/w and 
40% w/w drug loading. The ranking of excipients along the horizontal 
axis (PC1) was similar to the vertical ranking of excipients in the overall 

Fig. 3. Partial Least Squares score plots (a,c) and loading plots (b,d) for formulations with 1% w/w (a,c) and 40% w/w (b,d) drug loading, evaluated on a CDC line. 
Labels indicate the used filler(s) in the formulation, which were blended with 4% w/w superdisintegrant, 1% w/w magnesium stearate and 1% or 40% w/w 
paracetamol powder. 
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model (PC2), both representing the main drivers for formulation dif-
ferences based upon excipient properties. The 1% w/w drug loading 
model had an R2X of 0.80, compared to an R2X of 0.63 for the 40% w/w 
drug loading model. The higher R2X of the 1% w/w was in line with the 
position of the formulations in the overall model, as a larger spread in 
the score plot for 1% w/w formulations was observed than for 40% w/w 
formulations. 

Many correlations between parameters along PC2 in the overall 
model were observed along PC1 in the separate drug loading models, 
especially in the 1% w/w drug loading model. For example, compact-
ability (PyS, Comp. at plateau) and powder flow (ffc, FP) were nega-
tively correlated along PC2 in the overall model and negatively 
correlated along PC1 in the 1% w/w drug loading model. Similarly, 
cohesion (τc, UYS, C_15kPa, HR, φint) and compactability were posi-
tively correlated along PC2 in the overall model and positively corre-
lated along PC1 in the 1% w/w drug loading model. 

Focusing on one drug loading in a model however also revealed 
differences in correlations, depending on the API concentration. The PLS 
model with formulations containing 1% w/w API was driven from 
bottom-left to top-right by compaction parameters (PyS, Comp. at 
plateau), while from left/top-left to bottom-right/right it was driven by 
flow and cohesion parameters. Flow parameters (ffc, FP) were located 
on the right side of the loading plot, cohesion parameters (τc, UYS, HR, 
φint) were mainly located left/top-left, with tableting variability pa-
rameters (σCH, σMass, σCF) located in a similar direction. Tensile 
strength variability (σTS) was the exception, as this parameter was 
located on the right and inversely correlated to the tensile strength (TS) 
which was located towards the bottom-left. The compressibility at 15 
kPa (C_15kPa) was the key driver along the PC2 axis, which was the 
main differentiator between the different lactose grades (11SD, 30GR, 
40LL, 22AN). In general, 1% w/w drug loading formulations showed the 
highest tensile strength with the lowest hold-up mass and lowest ejec-
tion force for formulations containing MCC grades. In contrast, the 
lowest variability in tableting parameters (σCH, σMass, σCF) for 1% w/w 
formulations was observed for formulations with 22AN or 40LL. 

The PLS model with formulations containing 40% w/w API was 
driven from bottom-left to top-right by compaction parameters, while 
from top-left till bottom-right mainly flow and cohesion parameters 
were driving the variability. Compared to the 1% w/w drug loading 
model, correlations between the parameters were different. Less 
grouping of flow (ffc, FP) and cohesion (τc, UYS, HR, φint) parameters 
was observed for the 40% w/w drug loading model, explained by the 
multidimensional character of flow [56], combined with the lower dif-
ferentiation when evaluating formulations with higher drug loading. For 
example parameters unconfined yield strength (UYS), cohesion (τc) and 
flow function coefficient (ffc) were mainly located along PC1 in the 1% 
w/w drug loading model, while in the 40% w/w drug loading model they 
are located along the PC2 and are therefore less correlated to the other 
flow/cohesion (FP, HR, φint) parameters. In both models, flow through 
an orifice (FP) and the size below which 10% v/v of the particles is found 
(x10) were located along PC1 in the inverse direction of the permeability 
at 15 kPa (k_15kPa). For the 40% drug loading model however, flow 
through an orifice (FP) and the size below which 10% v/v of the particles 
is found (x10) are pointing towards the left, while for the 40% drug 
loading model these parameters point towards the right. Compressibility 
at 15 kPa (C_15kPa) was the main driver for PC2 in the 1% drug loading 
model, but is located along PC1 in the 40% drug loading model. Tab-
leting variability parameters (σCH, σMass, σCF) were located in the top- 
left quadrant in the 40% drug loading model, having a high correlation 
with the effective angle of internal friction (φint) and the compressibility 
(C_15kPa). Tensile strength variability (σTS) was the exception, as this 
parameter was inversely correlated to the tensile strength (TS). In gen-
eral, lowest variability in tableting parameters (σCH, σMass, σCF) 
combined with the highest hold-up mass and highest ejection force for 
40% w/w formulations was observed for formulations containing 22AN 
or 40LL, followed by formulations with 24AN or 24AN/PH102 (75:25). 

Both models showed a similar direction for compactability related 
parameters (Comp. at plateau, PyS, MCH, TS, σTS, EF) with highest 
compactability bottom-left and lowest compactability top-right. 
Ranking of filler-types in this direction was similar in both models, 
with MCC grades located in the bottom-left of the score plot, followed by 
blends with MCC, granular and spray dried lactose and anhydrous 
lactose in the top right. 22AN was the only filler that moved substan-
tially in the ranking of materials. 22AN showed higher compactability 
than 11SD/30GR/40LL for formulations with 1% w/w drug loading, 
while for 40% w/w drug loading 22AN showed the lowest compact-
ability. This change in position might be related to the morphology of 
the different lactose grades, as visualized in Fig. 4. Granular and spray 
dried lactose grades 11SD/30GR/40LL have more raspberry shaped 
morphologies with higher buffering capacity for the API. 22AN in 
contrast consists of larger shard shaped particles, explaining the lower 
relative ranking on compactability parameters with 40% w/w drug 
loading. 

4. Conclusions 

In the current paper, the impact of raw material properties on the 
process parameters and the final tablet properties in a fully integrated 
continuous direct compression (CDC) line was investigated. In this in-
tegrated study, blend properties of low-dose (1% w/w) and high-dose 
(40% w/w) formulations were evaluated and linked to the blending 
and tableting performance via multivariate models (Partial Least 
Squares analysis, PLS). 

During the performed trials, a couple of challenges related to in-
dustrial processing were observed. Operator intervention was required 
when working with microcrystalline cellulose (MCC) with low fluid-
ization potential. Additionally, formulations with 40% w/w drug 
loading could not be processed with good flowing fillers 11SD and 24AN 
at blending speeds of 200 rpm. These findings highlighted that the 
processability of materials in a CDC line is crucial in formulation design. 

In this study, feeder label claim (FLC) and feeder content uniformity 
(σFLC) were driven by random fluctuations in the active pharmaceutical 
ingredient (API) feeding behavior. Higher mass flow variability for 
feeding 40% w/w drug loading was observed than for feeding 1% w/w 
drug loading, explained by bridging of the API in the feeder and layering 
of the API on the screw surface. No direct correlation between the feeder 
label claim variability (σFLC) and the measured off-line label claim 
variability (σLC) was observed. The absence of this correlation could be 
due to different factors, including volumetric feeding periods, and the 
number of samples and frequency of sampling for off-line testing. 

The developed PLS models elucidated that formulation behavior was 
mainly driven by the API concentration, explained by the distinct API 
properties. Flow and compactability were positively correlated, as they 
were both lower for formulations with a high drug loading. Excipient 
properties also had a substantial impact on formulation behavior, with 
stronger impact in 1% w/w drug loading formulations than in 40% w/w 
drug loading formulations. Formulations with MCC showed better 
compactability, with lower flowability and higher cohesion than for-
mulations with lactose. 

The position of predictors and responses, and the ranking of the used 
filler in the formulation was different when looking at formulations with 
1% w/w and 40% w/w drug loading. The change in position of the fillers 
might be related to the morphology of the different lactose grades, 
resulting in different loading capacity. In general, 1% w/w formulations 
provided highest tensile strength when MCC grades were used in the 
formulation, while the lowest variability in tableting parameters (σCH, 
σMass, σCF) could be achieved when using 22AN or 40LL. 40% w/w 
formulations provided the lowest variability in tableting parameters 
(σCH, σMass, σCF) combined with the highest hold-up mass and highest 
ejection force for formulations containing 22AN or 40LL, followed by 
formulations with 24AN or 24AN/PH102 (75:25). 

In summary, this study showed how material properties and process 
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parameters can play a crucial role in the optimization of CDC processes. 
Findings of this study can contribute to the speed and quality of 
formulation development. 
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