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Summary  

Background: The complexity of the compaction process specially with using high-

speed tablet presses necessitates the use of robust monitoring tools during the 

process. The use of an instrumented compaction simulator in the early stage of 

development has a significant benefit for product development and scaling-up. Up 

to now, in tableting research rare attention has been paid to the measurement of die-

wall pressure. Die-wall instrumentation would be essential to understand the 

deformation of particles under axial pressure during the compaction cycle. It would 

be also of great help to investigate particle–die-wall shear stresses or friction, 

which is the cause of many tableting problems such as capping, lamination, and 

sticking.  

Purpose: To investigate the effect of compaction process variables ((pre) 

compression pressure, speed, ejection angle, tooling shape), formulation variables 

(filler, lubricant, binder, drug loading), powder physico-chemical properties 

(particle size and shape, water activity) on the compaction process through radial 

die-wall monitoring. Common tableting problems such as capping, lamination, and 

sticking were also investigated. 
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Materials and Methods: Using a fully instrumented compaction simulator, the 

Presster™ guided by mathematical modeling and experimental design. Materials 

with different compaction behaviors: viscoelastic, plastic, brittle, plastic/brittle. 

Results and Discussion: Regarding tablet press parameters, by increasing 

compaction pressure radial die-wall pressure was increased for all materials (RDP 

and MDP), while with increasing pre-compaction residual die-wall pressure (RDP) 

was decreased for plastic materials, whereas by increasing speed maximum die-wall 

pressure (MDP) was decreased for all materials. Plastic and brittle materials showed 

increased tendencies for friction because of high radial relaxation. An increasing 

RDP value during compaction would indicate higher tendency for friction, whereas a 

high constant value of MDP would provide an evidence for plastic behavior. High 

compaction force combined with high speed should be avoided to prevent capping. 

Increasing ejection angle increased friction tendencies and ejection force for 

powders. Effective Fall Time (EFT) derived from decompression time was a reliable 

tool for sticking prediction. Moreover, radial die-wall monitoring was a more 

sensitive tool to detect sticking in comparison to take-off force. Flat shape tooling 

increased radial die-wall pressure while it was reduced by concave tooling due to 

more homogeneity in density distribution as well as greater area of contact. However, 

concave tooling showed higher friction and capping in comparison to flat tooling 
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due to more radial movement for the powder, which resulted in higher densification 

at the edges in comparison to flat tooling.  

Concerning formulation variables, additives enhancing the elasticity or weakening 

the bonds such as lubricants or increasing drug loading promoted the occurrence of 

capping, while additives improving the mechanical strength such as binders reduced 

capping. The RDP/MDP ratio was not suitable as a sensitive parameter for the 

evaluation of lubricants, since it was only changed for plastic and/or brittle materials. 

Also, MDP was a good predictor for axial pressure transmission to the die-wall. 

External lubrication reduced the die-wall-compact friction without affecting the 

deformation behavior of the formulation. High RDP values were not always 

responsible for capping, because MCC exhibited low RDP values and still showed 

capping, therefore, other parameters such ER0 and tensile strength should also be 

considered. 

Regarding physico-chemical properties of powders, small / irregular particles acted 

more plastically at high compression, showed better axial pressure transmission, 

more porous and stronger compacts, and had higher tendency for friction and 

sticking than bigger particles. On the other hand, high water activity resulted in a 

low RDP and friction for all materials, and a high MDP for plastic materials. This 

was due to the lubricating and plasticizing effects of water, respectively. 
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Conclusion: Radial die-wall pressure monitoring is recommended as a valuable 

tool to assess the deformation behavior of materials and detect friction and 

adhesion at early stages of development and during production as well, which 

would be of great help to predict common scaling-up tableting problems such as 

capping, lamination, and sticking. 
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Theoretical Background 

 

Tablets represent the most popular dosage form in the pharmaceutical market. It is 

very important to select the most suitable excipient and manufacturing process to 

develop a formulation. Moreover, understanding of the physicochemical and 

mechanical properties of pharmaceutical powders and granules is required to 

compact them successfully to tablets with the desired quality and transferring this 

technology from an art to a science. There is a continuous need to constrain 

variability and find new tools to develop traditional manufacturing procedures. 

Powder Compaction 

Compression is reduction of powder volume while compaction (solid consolidation) 

is an increase in the mechanical strength [1-3]. Compaction steps [4-6] include: 

particle rearrangement, fragmentation, and deformation which may be elastic, 

plastic, brittle, viscoelastic, or plastic/brittle, and finally fusion, Figure 1. Elastic is 

reversible, and plastic, viscoelastic, plastic/brittle are time dependent [7, 8]. 
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Figure 1 Stages of powder compaction 

 

Assessment of powder compaction behavior includes many parameters: Heckel 

equation [9, 10], strain rate sensitivity [11], Hiestand tableting indices [12-14], 

force displacement curves [15, 16], and friction [17]. However, the USP (1999) 

recommended three factors for presenting the compactability test [18] which are:  

(1)  Consolidation factor: area under the breaking force – log applied pressure 

plot.  

(2)  Compressibility factor: area under the average porosity – log applied 

pressure plot.  
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(3)  Compaction Rate Sensitivity factor: area between the breaking force – log 

applied pressure plots for two compaction rates, where the rates differ by a 

factor of 10. 

Types of tablet presses used for tableting studies are either single-station (eccentric), 

multi-station (rotary), or simulator [19], Table 1. 

 Table 1 Comparison of the equipment used for tableting studies 

 

Feature Eccentric Press Rotary Press Simulator 

Mimic production conditions no yes yes 

Mimic cycles of many presses no no yes 

Require small amount of material yes no yes 

Easy to instrument yes no yes 

Price low high high 

Ease to Set up yes no yes 

Used for strain/stress studies no no yes 

 

Tablet Press Instrumentation  

Using of instrumented tableting machines in early stages of development is no 

more an accessory. To have good manufacture productivity for tableting, a 

thorough scientific understanding of the process could only be done by 
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instrumentation. Instrumentation turns tablet press into an analytical tool beside its 

normal function in production [20, 21]. Tablet press instrumentation helps greatly 

in a quick scaling up from the R&D to production stage which saves a lot of time 

and money. Instrumentation could be applied to eccentric [22], and rotary presses 

[23], as well as compaction simulators.  Components of an instrumentation or data 

acquisition system for a tablet press include [24]: 

(1) Sensors 

(a) Piezoelectric 

(b)  Strain gauge 

(i) Wheatstone Bridge 

(ii)  Temperature compensation 

(iii) Bridge balance 

(c) Displacement (LVDTs) 

 (2) Signal conditioning 

(a) Power supply 

(b) Differential amplifier 
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(3) Analog to digital conversion 

(a) Resolution 

(b) Aliasing filters 

(4) Representative tablet press sensors for (pre) compression, ejection and take-off 

(5) Calibration (precision, accuracy, and repeatability) 

(6) Analysis software 

Tablet press sensors typically measure applied force, compaction speed or punch 

displacement [25]. The sensors used are mainly strain gauges and piezoelectric 

transducers. They are fitted to the tablet press for force measurement like 

(pre)compression, ejection, and take-off forces. A strain gauge is a network of wires, 

through which an electric current is passed, Figure 2. Under stress, the wires of the 

strain gauge deform and hence, its electrical resistance changes. The size of the signal 

is proportional to the deformation, which in turn is a function of the applied force. 

Wheatstone bridge is a special arrangement of strain gauges which is composed of 

two pairs of resistors in a circle to ensure signal balancing. This technique is used to 

increase the sensitivity of the sensors and to erase the impact of temperature on the 

signal.  
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Figure 2 Foil strain gauge with six terminal contacts [26]  

 

Piezoelectric force transducers generally consist of quartz crystals, which accumulate 

electrical charge when subjected to stress. This charge is proportional to the applied 

force, but signal drifting occurs due to charge leakage. The most precise results can be 

obtained if the measurement is done as close as possible to the tip of the punch. 

Further, calibration affects the results [27].  Comparison between strain gauges and 

piezoelectric transducers are shown in Table 2 [7, 24-28]. 

Table 2 Advantages and Disadvantages of strain gauges and piezoelectric 

transducers 

 

Strain Gauges Piezoelectric Transducers 

- Easy to mount 

- Narrow measurement range 

- Space-saving 

- Static and dynamic measurements possible 

- Great influence of mounting position 

- Temperature sensitivity 

- Hysteresis 

- High frequency response 

- Broad measurement range 

- High required space 

- Use limited to dynamic events 

- Great influence of mounting position 

- Longer calibration interval 

- Certain biasing voltage necessary 
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                                   Figure 3 LVDT for punch displacement measurement 

For the measurement of punch displacement, linear variable differential transformers 

(LVDTs) are used, Figure 3. The position of a core rod inside a cylinder is 

measured relative to a predefined zero position. The resulting voltage is proportional 

to the displacement of the object. LVDTs are also used for in-die thickness 

measurements. Another type of sensors is the proximity switches which are non-

contact electromagnetic pick-up devices that are often used for speed measurements. 

These sensors are able to sense the presence of nearby objects or metal, because they 

emit electromagnetic fields and register occurring changes in these fields [25]. 
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Calibration 

“Calibration of sensors is performed for comparing transducer outputs at standard 

test loads to output of a known standard at the same load levels. A calibration graph 

representing the best fitting line for data is plotted and a calibration factor which is 

the load value in engineering units that a transducer indicates for each volt of 

output, after amplifier gain and balance is calculated” [25]. 

Shunt calibration  

“Shunt calibration of a strain gauge based transducer is a procedure for verifying its 

condition. It is a procedure of transducer testing when a resistor with a known value 

is connected to one leg of the bridge. The output should correspond to the voltage 

specified in the calibration certificate. If it does not, something is wrong and the 

transducer needs to be inspected for possible damage or recalibrated” [29]. 

Dynamic LVDT calibration (correction of deformation) 

“A set of runs can be performed on the simulator using metal tablets of various 

thicknesses, at different forces and speeds. The resulting gap (punch separation) 

measurements are then compared with the actual tablet thickness and a correction is 

calculated following a multivariable regression procedure. If enabled, such 

correction can drastically reduce the gap measurement error under dynamic 



[Theoretical Background] 35 

 

conditions, usually, well below ±30 µm, to improve Heckel analysis, estimates of 

elastic recovery, work of compaction, etc.” [29]. 

Die-wall Instrumentation 

Rare attention is paid to die-wall instrumentation because of difficulty in 

installation and calibration due to non-homogenous pressure distribution relative to 

tablet position within the die and its thickness [30-32].  To overcome this problem, 

accurate calibration and complex mathematical corrections were carried out [33-35]. 

Moreover, many designs like a three layered die and a die with piston inserted 

through the wall were proposed [36- 38]. This variability in the die-wall design and 

mathematical models used for calibration caused many conflicts in the data 

reported in literature. Radial die-wall measurement helps in the understanding of 

the material compaction behavior under pressure and indicates adhesion and 

friction which are related to common tableting problems such as capping and 

sticking [39-45]. In-die temperature can be monitored for heat-sensitive materials 

such as ibuprofen [46, 47]. The Presster™ radial die- wall (RDW) transducer used 

in this study is a solid die with a cut-out that creates two sensing elements of a 

uniform section area on the opposite sides of the die opening along its entire height, 

Figure 4. Two pairs of tension-compression strain gauges are positioned in such a 

way that the tablet compaction on Presster™ always takes place between them. The 
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upper pair covers the area of upper punch penetration (4 mm from the die's top), the 

second pair is placed 6 mm lower. The recommended maximum tablet thickness for 

RDWP measurements is 4.5 mm. The voltage output of the transducer is 

proportional to the radial force transmitted to the die wall. During calibration, this 

force is calculated as a product of the applied axial pressure by the area of 

cylindrical portion of the tablet. Calibration factor CF is calculated as RDW force 

per voltage output. During tablet compaction, the measured voltage output is 

multiplied by CF and the product RDW force value is referred to the area of 

cylindrical portion of the tablet to obtain the RDWP value. The transducer is 

calibrated with a polyurethane 4.5 mm height insert and B-type 10 mm round flat 

face punch.  

Figure 4 Presster™ die-wall instrumentation 

 

Compaction simulators                                                    

All compaction simulators have the same main 

three units; a load frame, a hydraulic unit, and a 

data acquisition system [48]. Usually simulators accept F-tooling but nowadays 

standard European and IPT B- and D- tooling are also possible. Small amounts of 



[Theoretical Background] 37 

 

material are required and similar dwell times of rotary presses are attainable. 

Compaction simulators are ideally suited for raw material evaluation to: 

(1) Study the basic compaction mechanisms. 

(2) Evaluate and optimize excipients such as lubricants and binders with respect 

to the desired tablet properties such as disintegration and dissolution. 

(3) Study process and scale up variables like (pre) compression pressure and 

speed. 

(4) Compare production presses with respect to ability to handle different 

compounds. 

(5)  Study physicochemical properties effect such as particle size, moisture 

content on formulations with respect to the desired tablet properties. 

(6) Practically eliminate or minimize the need for scale-up in the formulation 

development process and predicting common tableting problems such as 

capping, lamination, and sticking. 

Factors that could be simulated to be the same like production presses are: tooling, 

upper and lower (pre) compression rolls, applied force, punch velocity and speed, 

consolidation, dwell, relaxation, and contact times. Factors that are hard to be 
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simulated until now include: feeding process, turret movement, and building up of 

turret temperature due to long term running at high speed.  

In this study the Presster
TM 

developed by Metropolitan Computing Corporation Inc., 

NJ, US, Figures 5-7 was used. It is a mechanical compaction replicator where it 

combines the attributes of a high-speed single-station press and a compaction 

simulator which allows mimicking production presses without any application of 

hydraulic control and hence, works under conditions close to production [49, 50]. 

Standard specifications of the Presster
TM 

are shown
 
in Table 3. Raw data could be 

displayed in a graphical representation after specifying batch and tablet numbers, 

Figure 8 and 9. Summary results could be also displayed in spreadsheets, Figure 10. 

Resolution for force and displacement measurements on Presster are interpreted as the 

accuracy of signal voltage measurements (in Volts) multiplied by respective 

calibration factors of the transducers (in kN/V or mm/V). Absolute Accuracy of the 

data acquisition board installed on the Presster is +/- 0.0015% of  Full Scale value 

which is +/-10 V. Calibration factors were 5.81 kN/V for upper compression; 5.61 

kN/V for lower compression; 1.38 mm/V for upper punch displacement; -1.35 mm/V 

for lower punch displacement. The sampling rate was 1 kHz.  
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Figure 5 Presster
TM 

linear compaction replicator 

Moving Carriage  

Ejection Cam  

Precompression Roll  

Compression Roll  
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Figure 6 The Presster
TM 

main screen, stepper motor adjustment, dwell time calculator, and   

tooling selection 
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Figure 7 Schematic diagram of the Presster
TM 

(Model 104) [29] 
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Table 3  Presster
TM 

standard specifications 

 

Maximum compression force 50 kN 

  Maximum precompression force 10 kN 

Maximum depth of fill 17.4 mm 

Maximum tablet thickness 8 mm 

Number of stations 1 station 

Minimum punch velocity (in horizontal plane) 0.055 m/s 

Maximum punch velocity (in horizontal plane) 2.2 m/s 

Minimum dwell time 4.4 ms 

Maximum dwell time 230 ms 

Die feeding Manual or force feed shoe 

Maximum output 4 tablets/min 

Motor specifications 1800 rpm  7.5 HP 
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Figure 8 Compression waveform of the Presster™ showing 1.Upper and 2.Lower 

compression (UC/LC), 3.Upper and 4.Lower punch displacement (UPD/LPD), 

and 5.Radial die-wall pressure (RDWP) curves 

 

Figure 9 Plots of the Presster™ software showing 1.Ejection force, 2.Take-off force, and 

3.Lower punch displacement  
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Figure 10 Summary results spreadsheet of the Presster™ software 

 

For the users of hydraulic simulators, the need for precise separate measurements of 

upper and lower punch displacement is absolutely vital because of the feedback to the 

hydraulic actuators under the position control operation. Unlike Presster™, a 

hydraulic simulator requires the correction for machine deformation in order to 

operate [51]. In Presster
TM

, both LVDTs are installed into the same carrier as the die. 

As the carrier does not support the compression force, the distances among each 

LVDT and die do not change with the force. The LVDT cores are fastened to the 

punches in close proximity to the punch tips thus minimizing the influence of the 

applied force on the measurements. Only punch tips deformation might be taken in 
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consideration. The calculated combined elasticity of 10 mm round punch tips used 

with the instrumented die is 0.003 mm/kN (0.002 for the lower punch and 0.001 for 

the upper one). In many cases, the involved error can be considered negligible. 

However, the Presster
TM

 has some limitations [52, 53] which are powder loss after 

filling due to high speed, the lack of simulation for the feeding process, the lack of 

simulation for the heat effect on tablets due to long term running at high speed, and 

machine vibrations. Moreover, the distance between pre and compression rolls is not 

adjustable. However, during this work new cams were installed to close the die by the 

upper punch before starting of the compaction cycle to avoid the loss of powder at 

high speeds. Secondly, a Butterworth filter was added to the machine to eliminate 

noise from machine vibrations. 

Compaction scaling-up 

Scaling-up of compression causes many tableting problems due to increased speed. 

These problems include: 

1. Capping and Lamination: tendency for capping and lamination is usually 

increasing with tableting speed, (pre) compression force, punch penetration 

depth, and tablet thickness [54-62]. 
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2. Picking and Sticking: formulation factors, process and tooling dependent 

[63-67]. 

3. Chipping: formulation dependent, take-off misalignment, and low moisture 

content [68, 69]. 

“Unlike other unit operations in solid dosage development and production, scale-up 

of compression on a tablet press takes place in the same volume (die) using the 

same process geometry (tooling) and dynamic factors (compression force). The 

only practical differences between development and production presses are the 

compression speed and die table” [70]. 

During scale-up or transferring powders from one tablet press to another different 

press, tablets may change with respect to weight, hardness, friability, disintegration, 

dissolution, and other properties. This is due to change in porosity attributes, such 

as pore size and surface area that are dependent on compression force and speed.   

“Contact time refers to the time when both punches are moving having their tips in 

contact with the material that is being compacted, and their heads are in contact 

with the pressure rolls. It is divided to three phases: consolidation, dwell, and 

decompression times [71]. Consolidation or solidification time is the time when 

punches are changing their vertical position in reference to the rolls decreasing the 
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distance between their tips. Dwell time is the time when the punches are not 

changing their vertical position in reference to the rolls. Decompression time is the 

time when the punches are changing their vertical position in reference to the rolls, 

increasing the distance between their tips before losing a contact with the rolls. 

Another term is the compression time which is the consolidation and dwell times”. 

For scaling up a new formulation, it is necessary to evaluate the minimum 

consolidation time (maximum compaction speed) at which tablets of a reasonable 

quality can be produced. In comparison to contact time, dwell time depends on 

punch geometry rather than roll diameter. So in order to scale up properly, 

matching compression force and tooling is not enough but you have to match 

contact, consolidation, and dwell times. 
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Aims of the Thesis 

The overall aim of this thesis was to investigate pharmaceutical powder compaction 

at high speed using die-wall instrumentation to gain deep understanding of the 

process. 

The specific aims of this thesis were to: 

1. Study the effect of tablet press variables: (pre) compression pressures, speed, 

ejection angle, and tooling geometry on compaction. 

2. Study the effect of common formulation variables: lubricant, binder, and 

drug loading on compaction. 

3. Study the effect of some powder physico-chemical properties: particle size, 

shape, and water activity on compaction. 

4. Investigate common tableting problems such as capping and sticking. 
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Chapter 1: Study of radial die-wall pressure changes during pharmaceutical 
powder compaction1 

Abstract 

Context: In tablet manufacturing, less attention is paid to the measurement of die-

wall pressure than to force-displacement diagrams. Objective: Therefore, the aim 

of this chapter was to investigate radial stress change during pharmaceutical 

compaction. Materials and Methods: The Presster
TM

,
 
a tablet press replicator was 

used to characterize compaction behavior of microcrystalline cellulose MCC 

(viscoelastic), calcium hydrogen
 

phosphate dihydrate CHPD (brittle), direct 

compressible mannitol (plastic), pregelatinized starch (plastic/elastic) and spray 

dried lactose (plastic/brittle) by measuring radial die-wall pressure; therefore 

powders were compacted at different (pre) compaction pressures as well as 

different speeds. Residual die-wall pressure (RDP) and maximum die-wall pressure 

(MDP) were measured. Various tablet physical properties were correlated to radial 

die wall pressure. Results and Discussion: With increasing compaction pressure 

RDP and MDP (p< 0.0001) increased for all materials, with increasing pre-

compaction, RDP decreased for plastic materials (p< 0.05) while with increasing 

speed MDP decreased for all materials, (p< 0.05). During decompression, MCC 

                                                            
1 “Reprinted from Drug Dev Ind Pharm, Vol.37 /No.4, S. Abdel-Hamid and G.Betz, Study of radial die-wall pressure changes during 

pharmaceutical powder compaction, Pages 387-395, Copyright (2011), with permission from Informa Healthcare” 
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and pregelatinized starch showed higher axial relaxation, whereas mannitol and 

lactose showed higher radial relaxation, CHPD showed high axial and radial 

relaxations. Plastic and brittle materials showed increased tendencies for friction 

due to high radial relaxation. Conclusion: Die-wall monitoring is suggested as a 

valuable tool for characterizing compaction behavior of materials and detecting 

friction phenomena in the early stage of development. 

Keywords: capping, compaction simulation, die-wall instrumentation, friction, (pre) 

compaction pressure, radial die-wall pressure, speed 
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Introduction 

Understanding the behavior of particles during each stage of powder compaction is 

very important. Parameters used to assess the compaction behavior of powders 

include Heckel analysis [1], stress relaxation [2], and elastic recovery [3]. Heckel 

equation [4, 5] has been the most frequently used method to characterize powder 

compaction behavior. However, this equation has some drawbacks like the 

curvature at low pressures due to particle rearrangement and the exponential 

curvature at high pressures due to elastic deformation as well as high error 

probability at relative density higher than 0.95 [6]. Powder behavior under very low 

compaction pressures was described by a modified Heckel equation [7], which 

investigates the conversion of particles into a solid compact. However, most of 

these approaches do not consider the radial stress transmission and powder-die wall 

friction where the latter is mainly responsible for density in-homogeneity within the 

compact [8-11]. This can lead to a non-uniform stress distribution which may result 

in problems like capping and lamination on decompression [12]. Radial versus 

axial pressure cycles introduced by Long, 1960 [13], can give an idea about the 

different deformation behaviors of materials such as Mohr body, brittle fracture, 

plastic deformation, and a perfect elastic body [14-17]. However, it is rare in reality 

to find such cycles typically as most powders are anisotropic and non homogeneous 

in density during compaction [18].  
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The complexity of compaction process specially with using high-speed tablet 

presses necessitates the use of robust monitoring tools during the process. The use 

of an instrumented compaction simulator in the early stage of development has a 

significant benefit for product development process.  

The Presster™ is a linear mechanical replicator for rotary tablet machines designed 

by Metropolitan Computing Corporation to match compression force and dwell 

time as well as to mimic the punch displacement profile of any press. It is a high-

speed, single-station, tablet press simulator with standard tooling (IPT B, D-type). 

It is also a powerhouse computer for compressibility profiles, Heckel and Picker 

plots, lubricant studies, and others. The Presster™ instrumentation includes Linear 

Variable Differential Transformers (LVDTs) for upper and lower punch 

displacement as well as strain gauges for (pre) compression, ejection, and take-off 

forces, and radial die-wall pressure. The Presster™ radial die-wall (RDW) 

transducer is a solid die with a cut-out that creates two sensing elements of a 

uniform section area on the opposite sides of the die opening along its entire height 

where the tablet compaction always takes place between them.  The voltage output 

of the transducer is proportional to the radial force transmitted to the die wall.  

The recent quality-by-design (Q-b-D) initiative by the Food and Drug 

Administration (FDA) stresses the need for development of process simulation 
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tools to identify optimal and efficient processes that can be easily scaled up. Up to 

now, in tablet production little attention has been paid to the measurement of die-

wall pressure. Die-wall instrumentation [19-21] would be essential to understand 

the deformation of particles under axial pressure during the compaction cycle. It 

would be also of great help to investigate particle-die wall shear stresses or friction, 

which is the cause of many tableting problems such as capping, lamination, tooling 

wear, and sticking [17]. RDP was reported as one of the key factors for capping, 

like elastic recovery during decompression [22, 23].  

The aim of this chapter was to use RDWP as a tool for characterizing the 

compaction behavior of pharmaceutical powders as well as to predict capping 

tendency during compaction. Further, to correlate various physical tablet properties 

such as tensile strength and elastic recovery to RDWP. 
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Materials and Methods 

Materials 

Microcrystalline cellulose MCC (Avicel
®
 PH102, FMC Corporation, Delaware, 

US), directly compressible mannitol (Parteck
® 

M200, Merck KGaA, Darmstadt, 

Germany), calcium hydrogen phosphate dihydrate CHPD (Emcompress
®
, JRS 

Pharma, Germany), pregelatinized starch (Sta-Rx
®
 1500, Colorcon, Germany), 

spray dried lactose monohydrate (Flowlac
® 

100, Meggle, Wasserburg, Germany), 

and magnesium stearate (N.F. Novartis, Switzerland) were used in the present 

chapter. 

Methods 

Powder Characterization 

True density 

True density of powders was measured by AccuPyc 1330 helium pycnometer 

(Micrometrics, Norcross, US). A known weight (2.5 g) of the samples was placed 

into the sample cell. Values were expressed as the mean of five parallel 

measurements, Table 4. 
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Particle-size distribution 

The average particle size was determined by laser diffraction with a Malvern 

Mastersizer X (Malvern Instruments, Worcestershire, UK). The measurements were 

carried out three times for each sample. Obscuration value between 10 to 30% was 

got in all measurements. The function “polydisperse” was activated, Table 4. 

Table 4 True density and mean particle size of the powders 

 

 

 

 

 

 

 

Powder compaction 

Powder compaction was carried out using a compaction replicator (Presster
™

, 

Metropolitan Computing Corp., NJ, US) simulating the tablet press Korsch PH336 

(36 stations). The compaction rolls used were 300 mm in diameter. Accordingly, a 

Powder 
True density 

[g/cm³] ± SD 

Mean particle 

size [µm] ± SD 

MCC 
1.5589 ± 0.0009 

127.6 ± 0.33 

Mannitol 
1.4902 ± 0.0005 

   146.3 ± 6.20 

Lactose 1.5419 ± 0.0012 131.44 ± 1.005 

Pregelatinized 

Starch 
1.4790 ± 0.0018 93.74 ± 0.13 

CHPD
 2.4741 ± 0.0028 191.20 ± 7.07 
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flat-faced B-tooling with a diameter of 10 mm was used to make tablets of 250 mg 

in weight. Powder feed was manually done. Punches and dies were dusted with 

magnesium stearate powder before each compaction cycle for lubrication. The 

machine was set to perform compression pressures in the range of 50 to 300 MPa 

and precompression pressures in the range of 10 to 70 MPa at the compaction 

speeds of 0.5 and 2.147 m/s corresponding to the following dwell times (19 and 4.4 

ms), respectively. Six tablets were compressed at the same experimental conditions 

and the mean of each parameter was calculated. During RDW sensor calibration, 

the radial force was calculated as a product of the applied axial pressure by the area 

of cylindrical portion of the tablet. Calibration factor CF was calculated as RDW 

force per voltage output (10.08 kN/volt). During tablet compaction, the measured 

voltage output was multiplied by CF and the product RDW force value was 

referred to the area of cylindrical portion of the tablet to obtain the RDWP value. 

RDP, MDP were measured and, RDP/MDP ratio was calculated. The die-wall 

pressure reaches a maximum value, MDP, just after the upper and lower punches 

show maximum compression values, and shows a constant residual value, RDP, 

after upper and lower punch forces become zero. Axial to radial stress ratio (SR) 

(the average of upper and lower compression pressures to MDP) was also 

calculated.  
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Compact characterization 

Radial tensile strength (RTS) 

Crushing strength of a compact was determined by pressing it diametrically [24] on 

a Pharmatron tablet tester (model 8D, Dr Schleuniger Pharmatron Inc., Solothurn, 

Switzerland). Radial tensile strength σ (MPa) was calculated according to: 

σ = 2F/πdh                                                                                    (1)                                   

Where F is the force required to cause failure in tension (N), d is the compact 

diameter (mm), h is the compact thickness (mm), and π is a constant equals 3.1416. 

Compacts dimensions were measured using a micrometer with a precision of 

0.01mm (Mitutoyo, Japan). 

Elastic recovery (% ER0) 

The % ER0 for a compact was calculated from “zero pressure thickness” that could 

be seen from the force vs. thickness plot, and “minimum punch gap” (thickness at 

maximum compression), features of Presster
®
 software.  

Change in void fraction (VC) 

VC = Δε/1- Δε                                                                             (2)                  
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Where Δε is the change in porosity of the compact (difference between out and in-

die porosities). 

Data interpretation 

To study the effect of different compaction variables, runs were generated 

according to an experimental design using STAVEX
®
 5.0 (Aicos, Switzerland) 

applying Pentagon factorial design; optimization mode, see Table 5. Compression 

pressure (5 levels), precompression pressure (4 levels), and speed (2 levels) were 

the factors. RDP, MDP, RDP/MDP, SR, ER0, RTS, and VC were the responses. 

Least squares analysis was applied for the fitted model. The model was evaluated in 

terms of statistical significance using analysis of variance (ANOVA) at a level of 

significance (p< 0.05). 
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Table 5 Pentagon factorial design for compaction variables 

 

Run 

Compression Pressure C 

(MPa) 

Precompression Pressure P 

(MPa) 

Compaction Speed  S 

(m/s) 

1 
50 50 0.5 

2 
50 50 2.0 

3 
80 10 0.5 

4 
80 10 2.0 

5 
120 30 0.5 

6 
120 30 2.0 

7 
120 70 0.5 

8 
120 70 2.0 

9 
170 10 0.5 

10 
170 10 2.0 

11 
200 50 0.5 

12 
200 50 2.0 
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Results and Discussion 

Effect of compression pressure on radial die wall parameters  

Table 6 shows the models suggested for different materials showing the 

compaction variables; compression, precompression pressures and compaction 

speed and their interactions. A qualitative classification for the materials under 

investigation regarding their deformation behavior [25-29] is given in Table 7. For 

all materials, increasing compression pressure significantly increased both RDP (p< 

0.0001), and MDP (p< 0.0001), while decreased both RDP/MDP ratio (p< 0.003), 

and SR (p< 0.0001). Figure 11 shows that the plastic material mannitol had the 

highest RDP followed by lactose (plastic/brittle), then CHPD (brittle), and finally 

MCC
 
and pregelatinized starch (plastic/elastic). It is clear that plastic materials 

displayed the highest RDP while materials with an elastic component displayed the 

lowest RDP and materials with brittle character laid in between. Regarding MDP, 

see Figure 12, at higher pressures (200 MPa and above) materials with 

plastic/elastic behavior (MCC
 
and pregelatinized starch) showed the highest MDP 

values followed by the plastic material mannitol,
 
then the plastic/brittle lactose, and 

finally the brittle CHPD. MDP describes both elastic and plastic components, 

where it was clear in Figure 12 that MDP could not clearly differentiate between 

materials at lower pressures, while RDP shows only permanent deformation after 

compaction [30]. 
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 Table 6 Models suggested for different materials showing the compaction 

variables, compression (C), precompression (P), and compaction 

speed (S) and their interactions 

 

Material Equation 
Goodness of fit 

R
2
 Rc

2
 

           CHPD 

RDP = -1.757+0.09243 C+0.02666 P+0.08435 S+5.374E-05 C
2-

0.0002014 P2 -0.0001033 CP -0.001225 CS - 0.001976 PS 
0.9981 0.9931 

MDP = -8.585 +0.4103 C +0.1826 P -6.662 S +0.0009373 

C
2 -0.0007913 P2-0.001214 CP +0.002614 CS - 0.02599 PS 

0.9956 0.9838 

MCC 

RDP = 4.327+0.02462 C -0.05231 P -0.2226 S -7.245E-

05 C2 +0.0002541 P2 +0.0001992CP-0.001599 CS+ 

0.003609 PS 

0.976 0.9122  

MDP = 0.6125 +0.5372 C -0.2768 P -1.357 S +0.0008899 

C
2  +0.003295P

2 -0.0003050CP -0.02209 CS - 0.007288 PS 
0.9996 0.9985  

Mannitol 

 

  RDP = 2.145+ 0.08482 C - 0.05365 P + 0.1784 S +  

0.0001936 C2+ 0.0004361 P2+ 6.694E-05 CP - 0.01017 CS + 

0.001765 PS               

0.9995 0.9982  

MDP = - 0.1144 + 0.4770 C - 0.09218 P - 0.9937 S + 

0.0009111 C2+ 0.001167 P2- 0.0002378 CP - 0.02897 CS - 

0.02950 PS                  

0.9994 0.9978  

Lactose 

 

RDP= 1.956 + 0.08445 C - 0.04192 P- 1.010 S +2.443E-

05 C2 + 0.0001850 P2 + 0.0001275 CP - 0.004313 CS + 

0.01027 PS  

0.9995  0.9983  

MDP=10.38 + 0.2405 C - 0.1535 P-3.895 S + 0.001192 C2 + 

0.001094 P2  + 3.639E-05 CP- 0.03444 CS + 0.01328 PS    
0.9990  0.9962  

Pregelatinized 

starch 

 

RDP = 8638+0.03348 C +0.001427 P -0.2748 S -8.650E-

05C
2-7.135E-05P

2 -1.389E05CP -0.0008719CS+ 

0.005358 PS 

0.9799 0.9263  

MDP = -14.61+ 0.6541 C + 0.2226 P -3.103 S +0.001214 

C
2 -0.001357 P2-0.001385 CP -0.05388 CS + 0.05732 PS  

 

0.9999 0.9995  
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 Table 7 Classification of the materials regarding their deformation behavior 

upon compaction 

 

Material 

Deformation behavior 

Plastic Elastic Brittle 

CHPD - - +++ 

MCC ++ ++ - 

Mannitol ++ - - 

Lactose + - + 

Pregelatinized Starch ++ +++ - 

 

+++ High; ++ = medium; + = low; - = not present 

RDP was used as a guide to detect capping problem in some formulations [15, 31]. 

The relation between compression pressure and RDP/MDP ratio, Figure 13, 

followed the same sequence for different materials behavior with RDP but in a 

decreasing trend, where materials with plastic behavior (mannitol and lactose) 

showed the highest ratio values and materials with elastic component (MCC
 
and 

pregelatinized starch) showed the least ratio values. Plastic behavior increases RDP 

while elastic behavior decreases RDP [32]. RDP/MDP ratio could be more useful 
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in describing the compaction behavior as it involves both die-wall related 

parameters, which provide a thorough profile regardless of the compaction pressure 

or speed. Generally, in tableting it would be desirable to have low RDP and high 

MDP values, hence low RDP/MDP values. This is in accordance with the results 

reported by Takeuchi et al [33]. On the other hand, compaction pressure showed no 

effect on SR for the brittle CHPD, but in case of materials with elastic component 

(MCC
 
and pregelatinized starch), SR values were the lowest “i.e. low axial to radial 

stress transmission”, while materials with only plastic behavior such as mannitol 

and lactose (no elastic component) showed the highest SR values “i.e. high axial to 

radial stress transmission”, which is a typical indicator for plasticity, Figure 14. 

 

Figure 11 Effect of compaction pressure on RDP at compaction speed 0.5 m/s 
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Figure 12 Effect of compaction pressure on MDP at compaction speed 0.5 m/s 

 

Figure 13 Effect of compaction pressure on RDP/MDP ratio at compaction speed 0.5 m/s 
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Figure 14 Effect of compaction pressure on axial to radial stresses ratio SR at compaction 

speed 0.5 m/s  

 

Effect of precompression pressure on radial die wall parameters 

Precompression had no effect on RDP and SR for MCC
 
and pregelatinized starch 

as well as CHPD but for plastic materials (mannitol and lactose), RDP decreased, 

Table 6, and SR increased (p< 0.05). On the other hand, precompression had no 

effect on MDP and RDP/MDP ratio for all materials except for MCC
 
(MDP 

decreased), Table 6. Precompression helped in particles rearrangement (powder 

densification), and hence ease of contact and bonding between particles leading to a 

cohesive mass with less tendency for radial deformation upon compression. This 

explains the decrease of MDP for MCC. Precompression also helps in removal of 

entrapped air and thus improves bonding between particles during the compaction 
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phase [34]. Precompression had the most significant effect on materials that 

showed the highest RDP (mainly plastic); where precompression decreased radial 

stress relative to axial during compaction (increased SR), and decreased radial 

relaxation after decompression (decreased RDP).  

Effect of compaction speed on radial die wall parameters 

Increasing speed decreased MDP for all materials, (p< 0.05). However, increasing 

speed led to the increase of RDP for mannitol (p< 0.001)
 
and the decrease of RDP 

for MCC,
 
lactose, and pregelatinized starch (p< 0.05), and no effect for CHPD, see 

Table 6. The decrease of dwell time (increase of speed) decreased the time of 

deformation for all types of materials during compaction and so led to a decrease in 

MDP. On the other hand, the increase of speed led to increase of radial recovery for 

mannitol like the same effect produced by speed on elastic recovery for materials 

with axial elastic component. All materials with elastic component showed a 

decrease in radial recovery (low RDP) as they experienced higher axial recovery 

(high elastic recovery). Finally, speed had no effect on the radial recovery of 

materials with brittle behavior due to the fracture of particles rather than 

deformation. 
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Effect of radial die wall pressure changes on compacts' physical properties 

Materials with an elastic component (MCC
 
and pregelatinized starch) during 

decompression showed highest elastic recovery (p< 0.0001) within the die at zero 

pressure ER0 as well as the highest void volume change (p< 0.0001) with the least 

RDP values, see Figure 15 and 16. Thus, they had the greatest probability for 

capping. ER0 would be more accurate to describe any tableting problem like 

capping and lamination on unloading in comparison to measuring elastic recovery 

like after 48 hrs as the problem would have been already occurred. Viscoelastic 

materials like MCC
 
keep high energy in compacts [28], so on relaxation during 

deloading they would be liable for capping, especially at high speeds, unless they 

show strong bonding between particles. Moreover, high frictions between the die-

wall and the compact may prevent the newly formed compact from relaxation and 

the relief of stored energy which would probably lead to capping or lamination [2]. 

MCC
 
and pregelatinized starch showed the lowest RDP values and highest void 

volume change (lowest friction and highest porous structures during ejection) and 

thus fewer tendencies for capping or lamination. These were in accordance with the 

results of Sugimori et al. [35], where they stated that RDP depends on the elasticity 

and the use of powders with low RDP like MCC reduced capping tendency. 

Although MCC showed highest elastic recovery, but in comparison to pre-

gelatinized starch and other materials, it showed the highest RTS, (p< 0.0001), 
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Figure 17. RTS indicates the force required to break bonds between particles. In 

case of MCC, the high bonding between particles limits the disruptive effect of 

elastic recovery [30]. However, materials with high elastic recovery at high 

compaction speeds during decompression would be still at high risk for capping 

[36-38]. Plastic materials (mannitol and lactose) showed the least values for ER0 

and void volume change (p< 0.0001) and the highest RDP values (higher tendencies 

for friction). This was practically observed where compaction of MCC
 

and 

pregelatinized starch did not need any external lubrication (low ejection forces, did 

not exceed 200 N), while it was completely unavoidable to use external lubrication 

with mannitol and lactose (very high ejection forces more than 1500N). However, 

mannitol showed stronger compacts (higher RTS) than lactose due to the brittle 

component of the later. The brittle CHPD showed intermediate values between 

viscoelastic and plastic materials for ER0; void volume change and low RTS which 

makes it highly liable for decompression defects like capping, lamination or 

chipping. Table 8 summarizes the compaction parameters previously discussed in 

relation to materials deformation behavior. 
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       Figure 15 Change of RDP with ER0 at compaction speed 0.5 m/s 

 

Figure 16 Change of RDP with void volume change at compaction speed 0.5 m/s 
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                  Figure 17 Change of RDP with RTS at compaction speed 0.5 m/s 

 

Table 8 Different levels for compaction parameters in relation to materials' 

deformation behavior 

Parameter 

Materials 

Elastic/Plastic Plastic Plastic/ Brittle 

RDP ↑ ↑↑↑ ↑↑ 

MDP* ↑↑↑ ↑↑ ↑↑ 

RDP/MDP ↓↓↓ ↓↓ ↓↓ 

SR ↓↓↓ ↓↓ ↓ /- 

ER0 ↑↑↑ ↑ ↑/↑↑ 

VC ↑↑↑ ↑ ↑/↑↑ 

RTS ↑↑↑** ↑↑ ↑ 

↑↑↑= High, ↑↑ =Medium, ↑= Small, - = No Effect, ↑ = Increasing, ↓= Decreasing 

* 
At high pressures > 200 MPa 

** 
Only MCC as Pregelatinized starch showed very low values 
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Conclusion 

Die-wall pressure investigation is of help to monitor compact formation at two 

critical steps; decompression (elastic recovery) and ejection phases (friction). 

Radial die-wall pressure reflects radial relaxation and so probability for friction. An 

increasing RDP value during compaction would indicate higher tendency for 

friction, while a high constant value of MDP would provide an evidence for plastic 

behavior; a character always desired in powder formulations. We highly 

recommend using radial die-wall pressures for setting limits for high-speed 

tableting machines to give a continuous control feedback for problems arising 

during manufacture, such as lamination and capping by detecting friction 

phenomena in early stages of development.  
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Chapter 2: Study of radial die-wall pressure during high speed tableting: 

effect of formulation variables2 

Abstract 

Context: With high-speed compaction cycles as applied in pharmaceutical 

industrial presses, robust tools like radial die-wall pressure (RDWP) are required to 

monitor the deformation behavior of formulations under pressure and to avoid 

common problems such as capping. Objective: In this chapter the effects of 

common formulation factors such as lubricant, binder, and drug loading on RDWP 

were investigated. Materials and Methods: Compaction simulation using 

Presster
TM 

was applied for five pharmaceutical fillers with different compaction 

behaviors. Two lubricants, two binders, and paracetamol as a model drug were used. 

Residual die-wall (RDP) and other compaction parameters were measured. Results 

and Discussion: Lubricant reduced RDP for fillers with plastic/ brittle behavior(s), 

(p< 0.05), while increased RDP for fillers with viscoelastic behavior, (p< 0.05), 

leading to higher tendency for capping in the later fillers. Binder reduced RDP for 

the fillers, (p< 0.05), hence decreased capping probability. By increasing drug 

                                                            
2  “Reprinted from Drug Dev Ind Pharm, Vol./No., S. Abdel-Hamid, M. Koziolek, and G.Betz, Study of radial die-wall pressure during high 

speed tableting: effect of formulation variables, Pages 1-12, Copyright (2011), with permission from Informa Healthcare” 
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loading for fillers with viscoelastic behavior, RDP was increased, (p=0.00001), 

leading to capping, especially at high compaction pressure and speed. Conclusion: 

Die-wall instrumentation was useful in investigating formulation variables and 

detecting capping during high speed tableting. 

Keywords: tableting, instrumentation, simulation, lubricant, binder, drug loading, 

capping 
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Introduction 

Understanding the behavior of pharmaceutical powders during compaction would 

help in the improvement of the quality of the final compact. During compaction, 

powders undergo: particle rearrangement, bonding, and deformation. Ejection is the 

last step of powder compaction. It is a critical step during which some tableting 

problems such as capping, lamination, and sticking may occur. Ejection is the force 

required to overcome the adhesion of the compact to the die-wall or what is known 

as friction because there is always an irreversible pressure exerted by the compact 

contact to the die at zero compaction called the residual die wall pressure (RDP). 

Die-wall pressure monitoring through die-instrumentation is of great help to 

understand particle-die wall interaction during axial compaction [1]. Using a 

mechanical simulator for rotary tablet machines, like the Presster™, to match 

compression force, dwell time, and punch displacement profile of many industrial 

presses, would be of great help in product development. 

Lubricants are excipients which decrease the adhesion forces or friction between 

the compact surface and the die-wall by forming a barrier that reduces the contact 

between the surfaces of the compact and the die-wall [2, 3]. In the pharmaceutical 

field, lubricants act by continuous fluid formation, or more commonly, boundary 

lubrication [4]. A lubricant should ideally have a high melting point, low moisture 
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content, low affinity of friction with metal surfaces, fine particle size, large specific 

area, and film-forming ability [5]. The type of lubricant, its concentration, as well 

as the method of lubrication, influences hardness, friability, disintegration, 

dissolution, and surface properties of tablets [6-8]. Binders are used to improve the 

compressibility of powders due to their plasticity and to produce compacts of 

reasonable tensile strength due to interparticle adhesion [9, 10]. Dry binders are 

known as “pressure binders” while those used for wet granulation are known as 

“solution binders” [11, 12]. Reducing the particle size of dry binders improves 

binding capacity [13]. Paracetamol is a very good model drug to study the effect of 

drug loading. Paracetmaol compacts undergo capping usually at high speeds due to 

its poor tabletibilty and compressibilty [14-17]. 

The aim of the present chapter was to investigate, by the aid of compaction 

simulation and RDWP monitoring, the effect of some commonly used formulation 

excipients such as binders and lubricants, as well as paracetamol drug loading on 

the compaction behavior of different direct-compressible fillers at high compaction 

speeds. Moreover, using RDWP as a tool to predict capping and lamination during 

high speed tableting was applied. 
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Materials and Methods 

Materials 

Microcrystalline cellulose MCC (Avicel
®
 PH102, FMC Corporation, DE, US), 

directly compressible mannitol (Parteck
® 

M200, Merck KGaA, Darmstadt, 

Germany), calcium hydrogen phosphate dihydrate CHPD (Emcompress
®
, JRS 

Pharma, Rosenberg, Germany), pregelatinized starch (Sta-Rx
®
 1500, Colorcon, 

Idstein ,Germany), spray dried lactose monohydrate SDL (Flowlac
® 

100, Meggle, 

Wasserburg, Germany) was used for the effect of binder and effect of drug loading 

studies, direct compressible lactose monohydrate DCL (supplied by Novartis AG, 

Basel, Switzerland) was used in the study of lubricant effect. Magnesium stearate 

(Mg-stearate, supplied by Sandoz AG, Basel, Switzerland) and polyethylene glycol 

(PEG 6000, Clariant AG, Muttenz, Switzerland) were used as lubricants in 

concentrations of 0, 1 and 2 % (w/w). Copovidone (Kollidon
®
 VA 64, BASF, 

Hannover, Germany) and hydroxypropylcellulose medium substituted (NISSO-

HPC M, Nippon-Soda Co. Ltd., Japan) in concentrations of 0, 5 and 10 % (w/w) 

were used as binders. Paracetamol (Rhodapap
®
, Rhodia S.A., France) was used as a 

model active pharmaceutical ingredient at three different loadings; 20, 50 and 80 % 

(w/w). 
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Methods 

Powder Characterization 

True density 

True density of powders was measured by AccuPyc 1330 helium pycnometer 

(Micrometrics, Norcross, GA, US). A known weight of the samples was placed into 

the sample cell. Values were expressed as the mean of five parallel measurements. 

Particle-size distribution 

The average particle size was determined by laser diffraction with a Malvern 

Mastersizer X (Malvern Instruments, Worcestershire, UK). The measurements were 

carried out three times for each sample. Obscuration value between 10 to 30% was 

got in all measurements. The function “polydisperse” was activated. 

Morphological studies 

Particle morphology was assessed by scanning electron microscopy (SEM) (Nova 

NanoSem 230, Eindhoven, Netherlands). Samples were mounted on aluminum 

stubs using double side adhesive carbon tape and sputter coated with gold 20 nm 

(BalTec MED 020 Coating System, Lichtenstein).  
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Preparation of mixtures 

Mixtures of different fillers and an additive (lubricant or binder or drug) were 

prepared by mixing for two minutes at 100 rpm in a Turbula
®
 mixer (Type T2A, 

Wilhelm A. Bachofen AG, Switzerland). Formulations for experiments of binder 

and drug loading effect had 1% (w/w) Mg stearate as a lubricant. 

Powder compaction 

Powder compaction was carried out using a compaction simulator (Presster
™

, 

Metropolitan Computing Corp., NJ, US) simulating the tablet press Korsch PH336 

(36 stations). The compaction rolls used were 300 mm in diameter. Accordingly, a 

flat-faced B-tooling with a diameter of 10 mm was used to make tablets of 250 mg 

in weight. Powder feed was manually done. Punches and dies were cleaned with 

ethanol after each compression cycle.  For external lubrication, punches and dies 

were dusted with Mg stearate powder before each compaction cycle. In case of 

lubricant effect experiments, external lubrication was done for runs with zero 

percent lubricant to guarantee the feasibility of all experiments and the 

comparability of the powders. The machine was set to perform compaction 

pressures of 50, 150 and 300 MPa at the compaction speeds of 0.5 and 2 m/s 

corresponding to the following dwell times (19 and 4.8 ms), respectively. Six 

tablets were compressed at the same experimental conditions and the mean was 
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calculated. Residual die-wall pressure (RDP), maximum die-wall pressure (MDP), 

compressibility (compression force kN versus compact volume cm
3
), and ejection 

force (Fe) were measured. The die-wall pressure reaches a maximum value, MDP, 

just after the upper and lower punches show maximum compression values, and 

shows a constant residual value, RDP, after upper and lower punch forces become 

zero, Figure 18. RDP/MDP ratio as well as axial to radial stress ratio (SR) (MDP 

to the average of upper and lower compression pressures) was calculated. 

Moreover, friction coefficient during ejection FCE (µe) and friction coefficient 

during compression FCC (µc) were calculated according to equation 1 [18] and 

equation 2 [19]: 
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Equation (2), developed by Cunningham and coworkers, was modified in this study 

to fit the dynamics of the Presster
™

. FU and FL are the upper and lower compression 
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forces, MDF is the maximum die-wall force, LPD is the lower punch displacement, 

D is the die diameter, and H is the compaction height. 

 

 

Figure 18 Schematic diagram for MDP and RDP [Fc- Compaction Force, Fe- Ejection 

Force] 

  

Radial tensile strength (RTS) 

Crushing strength of a compact was determined by pressing it diametrically [20] on 

a Pharmatron tablet tester (model 8D, Dr Schleuniger Pharmatron Inc., Solothurn, 

Switzerland). Radial tensile strength σ (MPa) was calculated according to: 

 σ = 2F/πdh                                                                                (3) 

Where F is the force required to cause failure in tension (N), d is the compact 

diameter (mm), h is the compact thickness (mm), and π is a constant equals 3.1416. 



[Chapter 2] 99 

 

Compacts dimensions were measured using a micrometer with a precision of 

0.01mm (Mitutoyo, Japan). 

 Elastic recovery (% ER0) 

The % ER0 for a compact was calculated from “zero pressure thickness” that could 

be seen from the force vs. thickness plot, and “minimum punch gap” (thickness at 

maximum compression), features of Presster
®
 software.  

Data interpretation 

To study the effect of different compaction variables, runs were generated 

according to an experimental design using STAVEX
®
 5.0 (Aicos, Switzerland) 

applying a 3-level full-factorial design with 18 runs, optimization mode, Table 9. 

Factors were set as quantitative except for speed and in case of external versus no 

lubrication, they were set as qualitative. Compression pressure (3 levels), speed (2 

levels), and an additive (lubricant or binder or drug loading) (3 levels) were the 

factors. RDP, MDP, SR, Fe, µc, µe and ER0, and RTS were the responses. Least 

squares analysis was applied for the fitted model of optimization. The model was 

evaluated in terms of statistical significance using analysis of variance (ANOVA) at 

a level of significance (p< 0.05). Graph Pad Prism v.5.00 software was used for 

Pearson’s correlations. 
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Table 9 Different experimental designs generated by STAVEX
®
 5.0 to study 

the impact of lubricant, binder, and drug loading on RDWP  

Run 

Compression 

pressure (MPa) 

Speed 

(m/s) 

Additive (%)* 

I Lubricant II Binder III Drug loading 

1 50 0.5 0 0 20 

2 50 2 0 0 20 

3 50 0.5 1 5 50 

4 50 2 1 5 50 

5 50 0.5 2 10 80 

6 50 2 2 10 80 

7 150 0.5 0 0 20 

8 150 2 0 0 20 

9 150 0.5 1 5 50 

10 150 2 1 5 50 

11 150 0.5 2 10 80 

12 150 2 2 10 80 

13 300 0.5 0 0 20 

14 300 2 0 0 20 

15 300 0.5 1 5 50 

16 300 2 1 5 50 

17 300 0.5 2 10 80 

18 300 2 2 10 80 

 

* Effect of each additive (lubricant or binder or drug) was studied separately each time with increasing 

compression pressure and speed  
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Results and Discussion 

True density and particle size distribution 

Table 10 shows the true density, median and mean diameters, as well as the span 

(particle size distribution), and the specific surface area of the investigated powders. 

The true density values for all fillers were in the same range except for CHPD, 

which had the highest true density. All values corresponded with the ones reported 

in literature [21]. Mean particle size for all fillers was determined to be in the range 

of 95 -193 μm. Pregelatinized starch particles showed the widest particle size 

distribution while those of CHPD showed the narrowest. Particles of pre-

gelatinized starch were the finest, and hence had the biggest specific surface area, 

while those of CHPD were
 
the coarsest, and thus had the smallest specific surface 

area. Regarding lubricants, Mg stearate showed very fine particle size around 9 µm 

which would probably have a big influence on its efficiency as a lubricant. On the 

other hand, the mean particle size of the binder copovidone and HPC were almost 

the same (82 and 85 µm respectively) which would make the molecular weight as 

the more decisive factor. Paracetamol also showed fine particle size around 74 µm 

which led to some problems during compaction. 
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Table 10 Median, and mean diameters, span, specific surface area, and true 

density of the investigated powders 

Powder 

Median 

(µm)  

± SD 

Mean (µm)  

± SD 
Span *± SD 

Specific 

Surface 

area (m
2
/g)  

± SD 

True 

density 

(g/cm³) ± 

SD 

MCC 
124.63 ±  

9.3·10
-1

 

136.57 ± 

9.4·10
-1

 

1.68 ± 

 1·10
-3 

0.0454 ± 

 2.08·10
-4 

1.5859 ± 

1.9·10
-3 

Mannitol 
131.15 ± 

0.2·10 

149.22 ± 

0.25·10 

1.73 ± 

2.22·10
-2 

0.0425 ± 

4.56·10
-4

 

1.5154 ± 

0.7·10
-3

 

CHPD
 181.71 ± 

0.3·10 

188.02 ± 

0.29·10 

0.86 ± 

1.38·10
-2

 

0.0145 ± 

2.45·10
-4 

2.4818 ± 

1.6·10
-3

 

Preg. Starch 86.51 ± 

1.6·10
-1

 

94.90 ± 

3·10
-2

 

1.87 ± 

8.72·10
-3

 

0.0836 ± 

2.99·10
-4 

1.4964 ± 

0.6·10
-3

 

DCL 182.06 ± 

0.14·10 

193.16 ± 

0.14·10 

1.20 ± 

2.22·10
-2

 

0.0254 ± 

2.08·10
-4

 

1.5384 ± 

0.7·10
-3

 

SDL 124.87 ± 

0.11·10 

131.44 ± 

0.1·10 

1.43 ± 

6.66·10
-3

 

0.0444 ± 

2.99·10
-4

 

1.5419 ± 

1.2·10
-3

 

Mg stearate 8.30 ±       

6·10
-2

 

9.84 ±       

33·10
-2

 

1.29 ±       

6·10
-2

 

0.71±      

7·10
-3

 

1.0744± 

1.1·10
-3

 

PEG 6000 56.93 ±     

0.3·10 

62.42 ±     

0.46·10 

1.91 ±       

4·10
-2

 

0.16±        

2·10
-2

 

1.2719± 

0.4·10
-3

 

Copovidone 
70.01 ±     

0.11·10 

82.00 ±     

0.14·10 

1.97 ±       

1·10
-2

 

0.11±       

1·10
-3

 

1.2509± 

0.7·10
-3

 

HPC 
80.68 ±     

34·10
-2

 

85.83 ±     

41·10
-2

 

1.43 ±       

1·10
-2

 

0.09±       

1·10
-3

 

1.2261± 

0.3·10
-3

 

Paracetamol 
47.57 ±     

79·10
-2

 

73.63 ±     

0.15·10 

3.41 ±       

7·10
-2

 

0.19±       

1·10
-3

 

1.2923± 

0.9·10
-3

 

 

* Span is the measurement of the width of the distribution. The smaller the value, the narrower is the distribution. 

The width is calculated as: d (0.9)-d (0.1)/ d (0.5) 



[Chapter 2] 103 

 

Effect of lubricant on radial die-wall pressure and friction 

Mg stearate 

Materials with viscoelastic behavior such as pregelatinized starch showed an 

increase in RDP, Figure 19a, MDP, ER0 and µc (p< 0.05), or no change in these 

parameters such as MCC. However, pregelatinized starch showed a decrease in µe 

and Fe (p< 0.0001). Deformation of powder under compression would lead to 

densification and so an increase in internal friction between particles. Moreover, it 

would lead also to increase of contact areas with the die-wall, so a higher 

probability of adhesion or friction.  

          

                         (a)                                                           (b) 

Figure 19 Contour plots showing the effect of the lubricant Mg stearate on RDP (values in 

black on the right) for (a) Pregelatinized starch, (b) Mannitol at compaction 

speed 2 m/s 
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Deformation mechanism of the pharmaceutical powders e.g. plastic or brittle would 

influence surface rugosity of individual particles and so would have an influence on 

the particle die-wall adhesive interactions [22]. Mg stearate is the most commonly 

used lubricant in tableting [23].  Mg stearate facilitates powder densification by the 

reduction of interparticulate friction [24, 25]. This led to an increase in RDP, MDP, 

SR, and µc for fillers with viscoelastic deformation behavior like pregelatinized 

starch. Moreover, Mg stearate enhanced the viscoelastic nature of these fillers [26]. 

Mg stearate showed no effect on MCC because the higher plastic nature of MCC, 

in comparison to pregelatinized starch, equalized the increase in elasticity induced 

by the lubricant. Although MCC compacts possessed high tensile strength, capping 

occurred for such compacts due to very high values of ER0. The presence of Mg- 

stearate had an adverse effect on bonding for MCC [27], and consequently, in this 

study we assume that this weak bonding was further broken by the high elastic 

recovery of MCC compacts. Regarding the effect of Mg stearate on pregelatinized 

starch, although Fe was reduced, RDP was increased. This could be explained by 

the increased ER0 for pregelatinized starch which could produce more contact areas 

with the die-wall and hence increase RDP and simultaneously, its self lubricating 

property would reduce Fe. On the other hand, by increasing the concentration of Mg 

stearate, materials with plastic/brittle behavior(s) such as mannitol, lactose,
 
and 

CHPD showed a decrease in RDP, (p< 0.05), Figure 19b, and only mannitol 



[Chapter 2] 105 

 

showed an increase in MDP (p< 0.0001). Parameters like µe as well as Fe were 

decreased (p< 0.05) for mannitol and lactose, and no change in case of CHPD 

occurred. For such fillers, the decrease in friction between die-wall and compact 

was the dominant mechanism and led to a decrease in RDP, RDP/MDP, Fe, and µe. 

This is in accordance with what was reported about plastic materials like mannitol 

that they are highly sensitive to lubricant effect where adhesive forces between the 

particles and the die-wall are reduced [23, 28, 29]. The low lubricant sensitivity of 

CHPD regarding the friction forces was due to its brittle deformation behavior [30]. 

New, fresh surfaces were created by particle fragmentation during the compaction 

process and therefore, the appeared friction forces were not affected [31, 32]. 

RDP/MDP ratio decreased only in case of the plastic and/or brittle materials, like 

mannitol and lactose (p< 0.0002). Thus, it could not be taken generally as a 

sensitive parameter for the evaluation of lubricants as previously reported [28]. SR 

ratio was increased (p< 0.001) only in case of mannitol and pregelatinized starch 

whereas there was no change in SR for other fillers. SR was always directly related 

to MDP as it was reported that MDP could represent the transmission of axial 

pressure to the die-wall [33]. The increase of MDP in case of mannitol and 

pregelatinized starch can be explained by the reduction of interparticulate contact 

and bonding [25]. This resulted in a bigger contact area with the die-wall and hence 

an increased MDP.  
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Polyethylene glycol PEG 6000 

For stability, compaction, and biopharmaceutical reasons, polymeric hydrophilic 

lubricants such as PEG 6000 could be used [34, 35]. MCC showed an increase of 

all parameters; RDP (p< 0.002), Figure 20a, µe (p< 0.02), µc (p= 0.00001), and Fe 

(p< 0.002), by increasing PEG 6000 concentration. PEG was reported to have a 

viscoelastic spring-like behavior [36]. This explains the increase of all compaction 

parameters like RDP and Fe with MCC. Moreover, for MCC and pregelatinized 

starch, MDP and SR were increased (p< 0.05) as PEG concentration increased. 

This is attributed to the enhancement of the densification behavior of MCC and 

pregelatinized starch by the presence of PEG due to decreased friction between the 

powder particles. On the other hand, for plastic and/or brittle fillers such as 

mannitol and lactose; RDP showed a decrease by increasing PEG concentration (p< 

0.006), Figure 20b. This is explained by the increase of the filler cohesion due to 

the binding properties of PEG [37]. However, at high compaction pressure and 

speed, mannitol exhibited capping which could be explained by enhanced spring 

effect of PEG at these conditions where mannitol already exhibits high radial 

relaxation according to previous studies [38]. It could be also attributed to the 

lower lubricant effectiveness of PEG in comparison to Mg stearate [34]. Parameters 

like RDP/MDP (p< 0.03), µe (p< 0.05), µc (p< 0.009), and Fe (p< 0.0006) were also 

decreased for mannitol and lactose. By increasing PEG concentration in case of 
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pregelatinized starch and CHPD, RDP remained constant because Fe remained 

constant [39]. These fillers were hardly affected by PEG because CHPD undergoes 

mainly fragmentation during compaction and pregelatinized starch possesses self-

lubricating properties [40].  

              

                          (a)                                                          (b) 

Figure 20 Contour plots showing the effect of the lubricant PEG 6000 on RDP (values in 

black on the right) for (a) MCC, (b) Mannitol at compaction speed 2 m/s 

External lubrication  

Experiments for external lubrication with Mg stearate versus no lubrication for the 

die was done only for MCC, pregelatinized starch, and lactose due to the highly 

abrasive character of the other fillers. The results showed no change in die-wall 

compaction parameters except for pregelatinized starch where MDP was decreased 
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(p= 0.0022). However, Fe was reduced (p< 0.03) for all fillers; SR remained 

constant only for lactose, whereas it was increased for MCC and decreased in case 

of pregelatinized starch (p< 0.05).  On the other hand, external lubrication with 

PEG 6000 (done only for MCC and pregelatinized starch) showed a decrease in 

RDP (p= 0.03), Figure 21, MDP (p< 0.0005), SR (p< 0.03), µe (p< 0.05), µc (p< 

0.01), and, Fe (p< 0.006). 

                     

                    (a)                                                                     (b) 

Figure 21 Plots for different runs comparing the effect on RDP of no lubrication (on the 

left) versus external lubrication with the lubricant PEG 6000 for (a) MCC, (b) 

Pregelatinized starch 

 

External lubrication is the direct application of lubricant to the tablet machine 

tooling, without blending with powder [41].  External lubrication is usually applied 

to avoid the deleterious effects of lubricants on the tensile strength and the 
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disintegration time of the compacts [42, 43]. Generally as an external lubricant, 

PEG showed better lubrication effects on compaction parameters than Mg stearate 

which could be attributed to its asperity melting [44-46]. Hence, PEG acted as a 

fluid lubricant reducing friction between the tooling and distributing the stresses to 

die-wall more homogenously leading to the reduction of RDP, MDP, Fe, µe and µc. 

On the other hand, it was interesting to note that for pregelatinized starch, unlike 

internal lubrication with Mg stearate, SR was decreased with external lubrication. 

This can be explained by the less densification effect of Mg stearate when applied 

externally, leading to the reduction of axial pressure transmission to the die-wall. 

Effect of binder on radial die wall pressure and friction 

Copovidone 

By increasing the concentration of copovidone, materials with plastic/brittle 

behavior(s) such as mannitol, lactose,
 
and CHPD, showed a decrease in RDP, 

Figure 22a, and RDP/MDP ratio, (p< 0.05), and only mannitol and lactose showed 

an increase in MDP (p< 0.023) and SR (p< 0.05). On the other hand, materials with 

viscoelastic behavior such as MCC and pregelatinized starch showed an increase in 

RDP (p< 0.05), Figure 22b, and RDP/MDP ratio, (p< 0.05) and only MCC showed 

an increase in MDP (p< 0.002). 
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                         (a)                                                             (b)  

Figure 22 Contour plots showing the effect of the binder copovidone on RDP (values in 

black on the right) for (a) Mannitol, (b) MCC at compaction speed 2 m/s 

Hydroxypropylcellulose HPC  

All fillers showed a decrease in RDP and RDP/MDP ratio with HPC (p< 0.0002), 

except pregelatinized starch showed no change. Also, all the fillers (except for 

CHPD and pregelatinized starch) showed an increase of MDP (p< 0.002) and SR 

(p< 0.05). Unlike copovidone, the fillers MCC, mannitol, lactose,
 
and CHPD 

showed an increase in ER0, (p< 0.0008), by increasing the concentration of HPC. 

Moreover, materials with a brittle behavior such as lactose,
 
and CHPD showed a 

decrease in Fe and RTS directly after ejection (p= 0.00001), Figure 23. 
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                      (a)                                                             (b)  

Figure 23 Contour plots showing the effect of the binder HPC on (a) Fe, (b) RTS, (values in 

black on the right) for lactose at compaction speed 2 m/s 

 

The use of copovidone and HPC conferred higher plasticity and also a certain 

degree of elasticity to the formulations [47]. However, the two binders showed 

different effects on compaction parameters. Copovidone showed an increase in 

RDP and RDP/MDP for MCC and pregelatinized starch, whereas HPC decreased 

RDP and RDP/MDP for all fillers except for pregelatinized starch. HPC as a binder 

was reported to act as an elastic body [48], and to reduce RDP and Fe as well [2]. 

By increasing the elasticity of the formulations, elastic recovery was more likely to 

occur during decompression phase. As a consequence, the compact contracted 

radially and expanded axially, which led to decreased values of RDP. The 
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increased plasticity conferred by HPC, which led to an increase in cohesive forces 

accompanied by decreased adhesive forces, was responsible for lower RDP values. 

Generally both binders lead to the increase of MDP for all materials (except for 

CHPD, no effect due to its brittle nature), which means increasing plasticity of the 

filler during compaction, a well known effect for binders [31, 49]. Both binders 

reduced Fe for plastic and/or brittle materials by enhancing axial over radial 

relaxation (high ER0 values). It seemed also, that copovidone reduced the friction to 

the die-wall and acted as a lubricant due to its existence in spherical shaped 

particles [13]. Although ER0 was increased by increasing HPC for different 

formulations, HPC increased MDP and reduced RDP (increased plasticity over 

elasticity), and thus the tendency for capping was decreased. Hence, cohesive 

forces within the powder were increased at the expense of adhesive forces. These 

findings are in accordance with those reported in previous studies [50, 51]. HPC 

showed greater binding capacity than copovidone by reducing RDP for all fillers; 

while in case of copovidone, RDP was reduced only with brittle/plastic materials. It 

was reported that both the small particle size and the molecular weight have an 

influence on the dry binding properties [13]. Moreover, fine particle sized HPC was 

reported to be commonly used as a “pressure binder” [48]. However, mean particle 

size was almost equal for the two binders, Table 10. Therefore, the superiority of 

HPC could be attributed to the higher molecular weight of HPC (ca 600 000) to that 
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of copovidone (45 000-70 000) which provide higher tendency for HPC to form 

bonding. Moreover, the shape also played an important role, where HPC exists as 

microfibrous elongated particles while copovidone exists in form of spherical 

particles that offers less contact areas, Figure 24, so the former provides higher 

surface area. Also, HPC is highly plastic while copovidone consists of spherical 

particles which would undergo fracture to some extent [50].  

             

                        (a)                                                                (b)  

Figure 24 SEM pictures showing the particles for (a) HPC, and (b) Copovidone 

 

The increase of RDP for pregelatinized starch and MCC with copovidone could be 

attributed to the binder enhancement of the plastic component on the behalf of 

elastic component for these fillers, or due to the formation of liquid bridges with 

the die-wall due to its hygroscopicity [49]. The reduction of RTS for the brittle 
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fillers CHPD and lactose on the addition of HPC could be explained by the brittle 

deformation nature of these two fillers which lead to the continuous creation of new 

large number of clean sites without binder and hence weaker cohesion [ 9, 10, 48]. 

Effect of Drug loading on radial die wall pressure and compressibility 

By increasing paracetamol loading for materials with viscoelastic behavior such as 

MCC and pregelatinized starch; RDP and RDP/MDP, (p=0.00001), as well as Fe 

(p< 0.05), and µe (p< 0.03) were increased by increasing paracetamol loading, 

Figure 25a, leading to higher tendency of capping and lamination. Capping 

tendency of paracetamol was quite reported [52-54]. The reason is mainly due to 

the increased elasticity of the formulation [15, 55, 56]. Although paracetamol has an 

elastic component like pregelatinized starch and MCC, unlike these fillers 

paracetamol shows higher RDP values [1]. Moreover, it was reported that 

paracetamol particles showed very high adhesion [57], consequently, the RDP 

values of pregelatinized starch and MCC were increased with higher paracetamol 

loadings. Hence, friction and Fe were increased for these fillers. On the contrary, by 

increasing paracetamol loading for materials with plastic/brittle behavior(s) such as 

mannitol, lactose,
 

and CHPD; RDP and RDP/MDP ratio were decreased, 

(p=0.00001), Figure 25b, and this was accompanied by an increase in ER0 (p< 0.05) 

and a decrease in Fe (p< 0.05), and µe (p< 0.01). This is attributed to the 
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fragmentation character of the drug as well as increasing axial over radial relaxation 

propensity for these fillers, especially at high speed [58].  

          

                            (a)                                                                (b)  

Figure 25 Contour plots showing the effect of drug loading on RDP (values in black on the 

right) for (a) MCC, (b) Lactose at compaction speed 2 m/s 

 

Regarding formulations compressibility, the relation between compression force 

and compact volume followed the semi logarithmic pattern. Compressibility slopes 

for the five fillers with different drug loadings (20, 50, 80 % w/w) at low and high 

compaction speeds (0.5, 2 m/s) are shown in Table 11. Pregelatinized starch 

showed
 
the highest slopes while CHPD showed

 
the lowest due to elastic nature of 

the former and brittle behavior of the later. Also, mannitol showed the greatest 
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slope change by increasing drug loading and compaction speed due to its high 

plasticity, while CHPD showed
 
almost no change. Compressibility of MCC, 

mannitol, and lactose showed lower values at high drug loading due to the poor 

compressibility of paracetamol caused by its irregular particle shape [59]. Table 12 

shows the degree of correlation between compact volume and MDP. Again, 

mannitol showed the strongest correlation and CHPD showed
 
almost the weakest. 

This is again due to the high plastic and brittle behaviors of mannitol and CHPD, 

respectively. Table 13 summarizes the effects of the all previously discussed 

formulation variables on RDWP and other compaction parameters. 

 

 

 

 

 

 

 

 

 

 



[Chapter 2] 117 

 

Table 11 Compressibility slopes of different fillers at different paracetamol 

loadings (20, 50, 80 % w/w) at low and high compaction speeds (0.5, 

2 m/s)   

 MCC Mannitol SDL Pregelatinized 

Starch 

CHPD 

0.5/20% -0.028 -0.029 -0.02 -0.045 -0.019 

R
2
 0.9835 0.9991 0.9948 0.9824 0.9987 

0.5/50% -0.026 -0.025 -0.018 -0.043 -0.019 

R
2
 0.9895 0.9978 0.9916 0.986 0.9993 

0.5/80% -0.023 -0.021 -0.016 -0.044 -0.021 

R
2
 0.9992 0.9744 0.9952 0.9836 0.997 

2.0/20% -0.031 -0.032 -0.021 -0.046 -0.021 

R
2
 0.9821 0.999 0.9942 0.9785 0.9972 

2.0/50% -0.029 -0.026 -0.019 -0.045 -0.02 

R
2
 0.9963 0.9985 0.9936 0.9783 0.9993 

2.0/80% -0.026 -0.022 -0.016 -0.046 -0.021 

R
2
 0.999 0.9673 0.9986 0.9769 0.9999 
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Table 12 Pearson correlation between compact volume and MDP 

 

 

 

 

  

 

Table 13 Effect of formulation variables on RDWP and other compaction 

parameters 

                                                                                                                                                                          

- = No Effect, ↑ = Increasing, ↓= Decreasing; NA = Not available data because of capping  

Filler 
Pearson correlation MDP/ compact volume 

 

MCC -0.865296022 

Mannitol -0.914985077 

SDL -0.828681748 

Pregelatinized Starch -0.883139632 

CHPD -0.608614118 

Response Lubricant Binder Drug Loading 

plastic/elastic plastic/brittle plastic/elastic plastic/brittle plastic/elastic plastic/brittle 

RDP ↑ ↓ ↑ ↓ ↑ ↓ 

MDP ↑ ↑/- ↑/- ↑/- - - 

RDP/MDP - ↓ ↑ ↓ ↑ ↓ 

SR ↑/- ↑/- ↑ ↑/- - - 

Fe ↓ ↓/- - ↓ ↑ ↓ 

µe ↓ ↓/- - ↓ ↑ ↓ 

µc ↑ - - - - - 

ER0 ↑ - ↑/- ↑/- - ↑ 

RTS NA NA NA ↓ NA NA 
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Conclusion 

Regarding the effects of lubricants and binders on the formulation, RDP was well 

correlated with Fe for materials with plastic and/or brittle behavior, whereas 

viscoelastic materials showed no correlation due to their elasticity, which reduced 

RDP during decompression. The RDP/MDP ratio was not suitable as a sensitive 

parameter for the evaluation of lubricants, since it only changed for plastic and/or 

brittle materials. Also, the MDP parameter was a good predictor for axial pressure 

transmission to the die-wall. External lubrication reduced the die-wall-compact 

friction without affecting the deformation behavior of the formulation. Not only 

would the continuous monitoring for the increase of RDP be a good indicator to 

predict capping but understanding of the deformation behavior of the compacted 

material is important as well. Additives enhancing the elasticity like HPC or 

weakening the bonds such as Mg stearate promoted the occurrence of capping and 

lamination. While, additives improving the mechanical strength of compacts such 

as copovidone, reduced capping tendency. High RDP values are not always 

responsible for capping, because MCC exhibited low RDP values and still showed 

capping, therefore, other parameters such ER0 and tensile strength should also be 

considered. Moreover, high compaction force combined with high speed should be 

also avoided to prevent capping occurrence, especially at high drug loading. 
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Chapter 3: Investigating the effect of particle size and shape on high speed 

tableting through radial die-wall pressure monitoring3 

Abstract 

Context: Investigating particle properties such as shape and size is important in 

understanding the deformation behavior of the powder under compression during 

tableting. Particle shape and size control the pattern of powder rearrangement and 

interaction in the die and so the final properties of the compact. Objective: The aim 

of this chapter was to examine the effect of particle size and shape on compactability. 

Particle friction and adhesion were investigated through radial die-wall pressure 

(RDWP) monitoring. Materials and Methods: Powders and granules of different 

sizes and shapes of materials with different compaction behavior were used. 

Compaction simulation using the Presster
TM

 with an instrumented die was applied. 

Results and Discussion: Small particle size increased residual die-wall pressure 

(RDP), and maximum die-wall pressure MDP (p< 0.05) for plastic and viscoelastic 

materials, respectively, while big particle size had an opposite effect. No effect was 

                                                            
3 “Reprinted from Int J Pharm, Vol.413 /No.1-2, S. Abdel-Hamid, F. Alshihabi, and G.Betz, Investigating the effect of particle size and shape on 

high speed tableting through radial die-wall pressure monitoring, Pages 29-35, Copyright (2011), with permission from Elsevier” 

 



[Chapter 3] 131 

 

found on brittle material, however big particle size showed higher friction for such 

materials. Regarding morphology, fibrous elongated particles of microcrystalline 

cellulose had less friction tendency to the die-wall in comparison to rugged surface 

mannitol particles. Conclusion: RDWP monitoring is a useful tool to understand the 

compactability of particles on changing their size or shape. 

Key words: particle size, shape, radial die-wall pressure, compaction, simulation 
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Introduction 

Tablet formation depends on particles rearrangement or densification then 

interaction between these particles by bonding. The size of particles plays a role in 

this interaction regarding the available surface area and bonding propensity. There 

are international guidelines regarding acceptance of particle size distributions of 

new drug substances [1]. Particle size was reported to have an influence on the 

compression process during tableting [2, 3]. For direct compression, usually 

particle size in the range of 100-200 µm is used [4]. Granulation is often added as 

unit operation before the compaction step not only to enlarge particle size of the 

starting material but also to improve the mechanical properties under pressure [5, 6]. 

Particle size is related to deformation behavior like plastic/fragmentation transition, 

[7, 8]. Particle size influences the compact final porosity, tensile strength, and 

dissolution as well [9-12]. Studies on particle size in literature are mainly directed 

to the effect on tablet tensile strength and particle bonding [13-15]. Particle shape 

also plays an important role in the interparticulate as well as particle-die wall 

interaction [16]. Particle shape would determine the pattern of particles 

rearrangement in planes and consequently the type of bonding such as interlocking 

or solid bridges [17]. Particle shape and surface roughness could increase friction 

tendency and adhesion of the particles to the punch or die-wall leading to a well 
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known tableting problem which is sticking [18, 19].  It was even found that particle 

size and shape of powders control the efficiency of lubrication [20]. 

There is no previous work investigating the effect of particle size and shape on 

compaction through RDWP monitoring.  Using a compaction simulator with an 

instrumented die, to match the compaction process in industrial presses is highly 

beneficial in early product development and scaling up [21]. The aim of this 

chapter was to investigate the effect of particle size and shape on compactability of 

powders and granules with different deformation behaviors through monitoring 

RDWP using a compaction simulator. 
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Materials and Methods 

 Materials 

Microcrystalline cellulose MCC (Avicel
®
 PH101, PH102, FMC Corporation, DE, 

US), directly compressible mannitol (Parteck
® 

M200, M300 Merck KGaA, 

Darmstadt, Germany), calcium hydrogen phosphate dihydrate CHPD 

(Emcompress
®
, JRS Pharma, Rosenberg, Germany),   milled lactose monohydrate 

(SorboLac
®
 400, Meggle, Wasserburg, Germany), magnesium stearate (Mg-

stearate, supplied by Sandoz AG, Basel, Switzerland), paracetamol (Rhodapap
®
, 

Rhodia S.A., France), Kollidon
® 

30 (polyvinylpyrrolidone PVP, BASF, 

Burgbenheim, Germany). 

Methods 

Granulation 

Granulation was done for size enlargement and forming many size ranges. 

Granulation in fluidized bed granulator 

The starting mixture for granulation was composed of paracetamol (64.82%), 

Avicel
®
 PH101 (27.78%), and Kollidon

® 
30 (7.4%) as a binder. All granulations 

were carried in a Glatt GPCG-2 (Glatt, Binzen, Germany), top spray method. The 

binder solution (10 w/w % in aqueous solution) was sprayed onto the powder bed 
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using a nozzle assembled with 0.8 mm liquid insert and a 2 mm air cap with 

controlled atomizing air pressure (0.1 MPa) and spray rate (20 g/min). A constant 

inlet air temperature was chosen at 22°C. Batch size was 500 g. 

Granulation in roller compactor 

Dry granulation was done for Parteck
® 

M200, and SorboLac
®
 400 with a 

Chilsonator IR220 and a FitzMill
®
 LA1 (Fitzpatrick, Belgium), with a roll pressure 

0.35 MPa, roll speed 2 rpm, milling speed 600 rpm, and screen sieve size 1mm. 

Powder/Granules Characterization 

True density 

True density of powders was measured by AccuPyc 1330 helium pycnometer 

(Micrometrics, Norcross, GA, US). A known weight of the samples was placed into 

the sample cell. Values were expressed as the mean of five parallel measurements. 

Particle-size distribution 

Powders: The average particle size was determined by laser diffraction with a 

Malvern Mastersizer X (Malvern Instruments, Worcestershire, UK). The 

measurements were carried out three times for each sample. Obscuration value 

between 10 to 30% was got in all measurements. The function “polydisperse” was 
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activated. Mean and median particle size, span, and specific surface area were 

recorded. 

Granules: The size distribution was evaluated by the sieve analysis method using a 

sieve shaker (Vibro, Retsch, Haan, Germany) at level 40 for 25 min with 710, 500, 

355, 250, 180, 125, and 90 μm ISO-norm sieves. The fraction remaining on each 

sieve was determined by weighing. 

Morphological studies 

Particle morphology was assessed by scanning electron microscopy (SEM) (Nova 

NanoSem 230, Eindhoven, Netherlands). Samples were mounted on aluminum 

stubs using double side adhesive carbon tape and sputter coated with gold 20 nm 

(BalTec MED 020 Coating System, Lichtenstein).  

Powder/ Granules compaction 

Powder compaction was carried out using a compaction simulator (Presster
™

, 

Metropolitan Computing Corp., NJ, US) simulating the tablet press Korsch PH336 

(36 stations). The compaction rolls used were 300 mm in diameter. Accordingly, a 

flat-faced B-tooling with a diameter of 10 mm was used to make tablets of 250 mg 

in weight. Powder feed was manually done. All formulations had 1% (w/w) Mg 

stearate as a lubricant. The machine was set to perform compaction pressures of 50, 
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150, and 300 MPa at the compaction speeds of 0.5, 1.5 and 2 m/s corresponding to 

the following dwell times (19, 6.4, and 4.8 ms), respectively. Six tablets were 

compressed at the same experimental conditions and the mean was calculated. 

Residual die-wall pressure (RDP), maximum die-wall pressure (MDP), work of 

compaction (WC), and ejection force (EF) were measured. 

Lubrication ratio (LR) (ratio of lower to upper compression force), and axial to 

radial stress ratio (SR) (MDP to the average of upper and lower compression 

pressures) was also calculated. 

Compact characterization 

Radial tensile strength (RTS) 

Crushing strength of a compact was determined by pressing it diametrically on a 

Pharmatron tablet tester (model 8D, Dr Schleuniger Pharmatron Inc., Solothurn, 

Switzerland). Radial tensile strength σ (MPa) was calculated according to: 

 σ = 2F/πdh                                                                               (1)                                          

Where F is the force required to cause failure in tension (N), d is the compact 

diameter (mm), h is the compact thickness (mm), and π is a constant equals 3.1416. 

Compacts dimensions were measured using a micrometer with a precision of 

0.01mm (Mitutoyo, Japan).  
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Porosity  

Compact porosity was calculated from compact apparent density and dimensions 

according to the following equation: 

 21 . . Tm r h    
                                                       (2) 

Where ɛ is the in-die porosity, m is the compact mass (mg), r
 
is the compact radius 

(5 mm), h is the in-die compact height (mm), ρT is the true density (mg/mm
3
) of 

powders/granules. 

Elastic recovery (% ER0) 

The % ER0 for a compact was calculated from “zero pressure thickness” that could 

be seen from the force vs. thickness plot, and “minimum punch gap” (thickness at 

maximum compression), features of Presster
®
 software.  

0(%) .100i m mER T T T                                                      (3) 

Where Ti is the compact thickness at zero pressure just before ejection, Tm is the 

minimum compact thickness at maximum compression force. 
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Data interpretation 

To study the effect of different compaction variables, runs were generated 

according to an experimental design using STAVEX
®
 5.0 (Aicos, Switzerland), 

applying a vertex-centroid design quadratic, D-optimization mode, Table 14. 

Compaction pressure (3 levels), speed (3 levels), and granular particle size (6-8 

levels) were the factors. RDP, MDP, SR, EF, LR, ER0, WC, RTS, and porosity 

were the responses. Least squares analysis was applied for the fitted model of 

optimization. The model was evaluated in terms of statistical significance using 

analysis of variance (ANOVA) at a level of significance (p< 0.05). 
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Table 14 Experimental design generated by STAVEX
®
 5.0 to study the impact 

of particle size on radial die-wall pressure and friction tendency 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

G1 granules of mixture: Paracetamol (64.82%), Avicel® PH101 (27.78%), and Kollidon® 30 (7.4%) 

G2 granules of SorboLac
®
 400, G3 granules of Parteck

® 
M200;

 a 
G1/G2/G3, 

b 
G2/G3 

Particle size (μm) (1) <90 (2) 90 (3) 125 (4) 180 (5) 250 (6) 355 (7) 500 (8) 710 

Run 
Compression 

Pressure (MPa) 

Compression 

Speed (m/s) 

Particle Size 

G1 G2 G3 

1 50 0.5 1 2 1 

2 50 2 1 2 1 

3 50 0.5 2 3 3 

4 50 2 2 3 3 

5 50 0.5 3 4 4 

6 50 0.5 4 4 4 

7 50 2 4 5 5 

8 50 0.5 5 5 5 

9 50 2 5 6 6 

10 50 0.5 6 6 6 

11 50 2 6 7 7 

12 50 1.5 3 7 7 

13 150 2 3 1 8 

14 150 1.5 4 1 2 

15 300 0.5 1 1 2 

16 300 2 1 7 2 

17 300 0.5 2 2 8 

18 300 2 2 2 1 

19 300 0.5 3 3 1 

20 300 0.5 4 3 3 

21 300 2 4 4 3 

22 300 0.5 5 4 4 

23 300 2 5 5 4 

24 300 0.5 6 5 5 

25 300 2 6 6 5 

26 300 1.5/2/0.5
a 

3         6 6 

27 300 0.5/2
b 

 7 6 

28 300 2/0.5
b 

 7 7 

29 300 1.5/2
b 

 1 7 

30 300 0.5   8 

31 300 2   8 

32 300 1.5   2 
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Results and Discussion 

True density and particle size distribution 

Table 15 shows the true density, median and mean diameters, as well as the span 

(particle size distribution), and the specific surface area of the investigated powders.  

Table 15 Median, and mean diameters, span, specific surface area, and true 

density of the investigated powders 

 

 

 

 

 

 

 

Emcompress showed the highest density while Parteck M300 showed the lowest. 

MCC PH101 showed the lowest mean particle size (highest surface area) while 

Parteck M300 showed the largest particle size. However, Emcompress showed the 

lowest surface area due to the narrowest particle size distribution. MCC PH102 

showed almost double the mean particle size of MCC PH101 and a narrower 

Powder 
Median [µm]  

± SD 

Mean [µm]  

± SD 

Span
 
 

± SD 

Specific 

Surface area 

[m
2
/g]  

± SD 

True density 

[g/cm³] ± SD 

MCC PH 101 
44.37 ±  

0.63 

64.6±       

2.31 

2.87± 

14·10-2 

0.14 ± 

 3·10-3 

1.4383± 

0.2·10-2 

MCC PH 102 
124.63 ±  

0.93 

136.57 ±   

0.94 

1.68 ± 

 1·10-3 

0.0454 ± 

 2.08·10-4 

1.5859 ± 

1.9·10-3 

ParteckM200 
131.15 ± 

1.99 

149.22 ± 

2.55 

1.73 ± 

2.22·10-2 

0.0425 ± 

4.56·10-4 

1.5154 ± 

0.7·10-3 

ParteckM300 
179.04 ± 

5.38 

248.70 ± 

5.49 

2.24 ± 

6·10-2 

0.05 ± 

0.2·10-2 

1.3868 ± 

0.1·10-2 

Emcompress
 181.71 ± 

3.02 

188.02 ± 

2.90 

0.86 ± 

1.38·10-2 

0.0145 ± 

2.45·10-4 

2.4818 ± 

1.6·10-3 
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distribution as well. Parteck M300 showed around 40% more bigger size than 

Parteck M200 and wider distribution. Particle size distribution was reported to be 

non critical for tablet porosity [22], so deeper investigation for size and shape was 

carried out in this chapter. 

 Particle shape 

MCC PH101 and 102 are elongated fibrous particles with rough surface while 

Parteck M200 and 300 are almost spherical particles with rug surface, and 

Emcompress particles show bumpy fibrous surface, Figure 26. Regarding granules, 

MCC PH101/Paracetamol granules were fibrous in shape, while Parteck M200 and 

SorboLac 400 granules were irregular in shape; however SorboLac 400 granules 

had a smoother surface compared to the rug surface of Parteck M200 granules, 

Figure 27.  

   

                   (a)                                      (b)                                      (c) 

Figure 26 SEM pictures of the particles of (a) MCC PH101, (b) Parteck M200, and (c) 

Emcompress 
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                       (a)                                   (b)                                    (c) 

Figure 27 SEM pictures of the granules of (a) MCC PH101/Paracetamol, (b) Parteck M200, 

and (c) SorboLac 400    

 

Corrugated or rough particles have more surface area than smooth particles that 

occupy the same volume. This contributes to higher ability of bonding with other 

particles or to the die-wall. Surface roughness could lead to increased tendency of 

friction and sticking [23, 24]. Irregular particle shape and surface roughness help in 

powder interlocking and hence ease of bonding [17]. Fibrous materials have higher 

surface area and so more potential bonding points [25]. For plastically deforming 

materials, a large surface area and surface roughness generally gives a greater 

bonding surface area, and hence stronger compacts [26]. 
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Effect of particle size and shape on radial die-wall pressure 

Powders 

By increasing compaction pressure, there was no difference between the powders 

of MCC PH101 and 102 regarding the effect of particle size on RDP and MDP, the 

same result was found also for Parteck M200 and 300, Figures 28 and 29. This is 

in accordance with what was reported that there was no difference in 

compressibility for two particle sizes of MCC [27]. However, Parteck (mannitol) 

showed higher RDP values than MCC, while Emcompress had values in between. 

This was due to the higher axial ER0 for MCC, Figure 30. Regarding MDP, there 

was no significant difference between powders until 150 MPa but by increasing 

compaction pressure further, MCC showed higher values emphasizing their 

superiority in plasticity. Regarding shape, Parteck particles showed more surface 

rugosity than those of Avicel. This resulted in higher radial stress transmission, 

hence higher RDP values for Parteck and higher friction tendency. The elongated 

MCC particles aligned themselves parallel to the punch face, forming a layered 

structure that exhibited low radial stress and a higher axial one i.e. higher elastic 

recovery. 
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Figure 28 Effect of powders with different mean particle size on RDP 

 

 

Figure 29 Effect of powders with different mean particle size on MDP 
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Figure 30 ER0 of MCC PH102 and Parteck M200 

 

Granules 

Regarding models' diagnostics, the fit for all models for the different responses was 

very good (0.9920- 0.9999). There was no evidence for non-normality of model 

deviations (except for EF and ER0, there was a weak evidence for non-normality of 

model deviations; for RDP and MDP in case of Parteck M200 granules, there was a 

strong evidence for non-normality of model deviations for the former and weak 

evidence for the later. Means were independent on factor level. 
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Effect of size and shape on RDP and EF 

Regarding granules, by increasing compression pressure, Parteck M200 granules 

less than 125 µm showed an increase in RDP while larger granules showed a 

decrease in RDP (p< 0.05), Figure 31. This was further confirmed by high EF for 

the small granules and low EF for the large granules, (p< 0.0001). This could be 

attributed to the higher interaction of small granules with the die-wall. It was also 

reported that larger particles exhibited higher degree of densification [28, 29], 

hence less particle-die interaction or friction. Small particles have higher tendency 

for friction which results in higher capability of bonding due to surface activation 

[30].  

 

          Figure 31 Effect of particle size of Parteck M200 granules on RDP at high 

compression pressure (300MPa) and speed (2 m/s) (RSE= 0.4) 
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On the other hand, MCC PH101/Paracetamol granules showed a decrease in RDP 

at high compaction pressure for granules below 125 µm, while larger granules 

showed an increase in RDP, (p< 0.05). This effect was confirmed by lower friction 

(low EF and high LR) for small granules; and higher friction (high EF and low LR) 

for large granules, (p< 0.005). This result could be explained by the presence of 

paracetamol as a major component in these granules, where for smaller granules; 

the effect of plastic MCC was more dominant on that of paracetamol, while in case 

of larger granules, the effect of paracetamol was more dominant due to high elastic 

recovery at high compression pressure. This is in accordance with the results of 

Patel and coworkers [29], who reported that large particles of paracetamol 

deformed mainly elastically while smaller particles deformed rather plastically. It 

was also reported that a change in particle size resulted in a different material 

deformation behavior [31]. Particle size of SorboLac 400 granules did not have any 

effect on RDP. This is due to fragmentation behavior of lactose [32, 33] where new 

contact points are continuously created by increasing compression, which leads to 

failure in bonding. Also, as shown previously lactose granules showed a smooth 

surface. Adolfsson and coworkers [15] reported that particle size had no effect on 

the bonding structure of lactose. Materials deforming by fragmentation show less 

ER0 due to formation of numerous contact points between particles [24]. However, 

granules of SorboLac 400 less than 180 µm, showed low EF, while larger granules 
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showed high EF, (p< 0.002), Figure 32. This could be attributed to the decreased 

fragmentation propensity by increasing the particle size of lactose and due to the 

increase of irregularity by increasing particle size. This would lead to more friction 

for the large granules with the die-wall on ejection. This is in accordance with what 

was reported previously in literature [34-36]. 

 

      Figure 32 Effect of particle size of SorboLac 400 granules on EF at high compression 

pressure (300MPa) and speed (2 m/s) (RSE= 3.06) 

Effect of size and shape on MDP and SR 

Small granules behave more plastic [16]. That is why granules less than 125 µm of 

MCC PH101/Paracetamol, showed higher MDP (p< 0.03), Figure 33. This could 

be also attributed to the dominant effect of MCC PH101 in case of small granules 

while in case of large granules; the effect of fragmenting paracetamol was more 
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prominent. There was no difference between small and large granules of Parteck 

M200 and SorboLac 400 on MDP. However, the axial pressure transmission 

through granular bed SR was higher for granules less than 125 and 250 µm for 

Parteck M200 and SorboLac 400, respectively, than larger granules, (p< 0.03).  

This result could be explained by the smaller void volume and close particle 

packing in case of small particles while in case of  larger particles, some of the 

compression force is spent in particle rearrangement and packing. On the other 

hand regarding Parteck M200 granules, speed reduced SR for granules less than 

355 µm, (p< 0.05). Larger granules have better densification as mentioned before 

so the reduced dwell time was less influential on large than for smaller granules. 

 

        Figure 33 Effect of particle size of MCC PH101/ Paracetamol granules on MDP at high   

compression pressure (300MPa) and speed (2 m/s) (RSE= 1.13) 
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Effect of particle size and shape on ER0, WC, RTS, and Porosity 

In this study, granules particle size had no effect on ER0, although literature was 

contradictory regarding this point where Patel and coworkers [29] reported that 

higher elastic recovery was observed for larger than smaller size particles, however 

Garekani and coworkers [37] reported an opposite result. Regarding the effect of 

particle size on WC, granules less than 180 and 125 µm for MCC 

PH101/Paracetamol and SorboLac 400, respectively, showed higher WC than 

larger granules (p< 0.03), which indicates more plastic behavior as mentioned 

before. This is attributed to the increased interparticulate interaction due to the 

numerous contact points per unit area for smaller particles. Similar results were 

reported by Garekani and coworkers [37]. By increasing compaction pressure, 

granules less than 355 µm were more porous than large ones (p< 0.005), for MCC 

PH101/Paracetamol and SorboLac 400. This could be explained by the higher 

degree of densification for larger particles and the higher interparticulate friction 

between small particles which hinders densification [38, 39]. Moreover, larger 

particles undergo continuous fragmentation by increasing pressure so as the smaller 

particles produced fill the voids [36, 40]. Regarding RTS, granules less than 125 

µm of MCC PH101/Paracetamol formed stronger tablets (p< 0.05). This effect was 

reported previously where the van der Waal’s forces increase when particle size 

decreases [15, 41, 42]. This is due to the intimate contact as well as the friction and 
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interaction between small granules which make them more ready for bond 

formation. This effect was only prominent in MCC PH101/Paracetamol granules 

due to the rough irregular surface which helped bonding [16]. 
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Conclusion 

Particle size and shape could completely change the compaction behavior of 

materials, which would finally affect the physical characters of the final compact. 

Particle size and shape play a big role in powder densification, cohesion, and 

adhesion during compaction. Small/irregular particles acted more plastically at high 

compression pressure and speed, showed better axial pressure transmission, more 

porous and stronger compacts, and had higher tendency for friction and sticking. 

The application of RDWP monitoring was very useful to understand these 

phenomena and was well correlated with other compaction parameters where RDP 

was well correlated to EF and MDP to SR. 
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Chapter 4: Radial die-wall pressure as a reliable tool for studying the effect 

of powder water activity on high speed tableting4 

Abstract 

Context: The effect of moisture as a function of water activity (Aw) on the 

compaction process is important to understand particle/water interaction and 

deformation. Studying powder /moisture interaction under pressure with radial die-

wall pressure (RDWP) tool was never done. Objective: The aim of this chapter 

was to use this tool to study this interaction at high compression pressure and speed. 

Moreover, the effect of changing machine ejection cam angle (EA) on ejection 

force (EF) was investigated. Also, a new tool for prediction of tablet sticking was 

proposed. Materials and Methods: Materials with different deformation behaviors 

stored at low and high moisture conditions were used. Compaction simulation 

guided by modeling was applied. Results and Discussion: High Aw resulted in a 

low residual die-wall pressure (RDP) for all materials, and a high maximum die-

wall pressure (MDP) for plastic materials, (p< 0.05). This was due to the 

                                                            
4 “Reprinted from Int J Pharm, Vol.411 /No.1-2, S. Abdel-Hamid and G.Betz, Radial die-wall pressure as a reliable tool for studying the effect 

of powder water activity on high speed tableting, Pages 152-161, Copyright (2011), with permission from Elsevier” 
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lubricating and plasticizing effects of water, respectively. However, 

microcrystalline cellulose showed capping at high Aw and compression pressure. 

By increasing compression pressure at high Aw for all materials, effective fall time 

(EFT) was increased, (p< 0.05), showing tendency for sticking. Increasing EA 

caused an increase of friction and EF for powders, (p< 0.05). Conclusion: RDWP 

was a useful tool to understand particle/moisture interaction under pressure. 

Key words: water activity, radial die-wall pressure, ejection angle, sticking 
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Introduction 

Water activity (Aw) is the active or free part of powder moisture content. By 

definition, Aw is the relative humidity which is reached at equilibrium for a 

product in a sealed container and is expressed on a scale of zero to one. Aw is also 

known as equilibrium relative humidity. Stubberud and coworkers [1] recommend 

studying the effect of moisture as a function of Aw if the degree of powder 

crystallinity is unknown. They suggest that the presence of moisture in powder 

during tableting may lead to phase transitions at high temperatures generated by the 

press machine. Generally moisture affects many powder characteristics like 

flowability and compact hardness and could later alter the compact disintegration 

or dissolution profile [2]. Moisture changes the cohesive/adhesive behavior of 

powder [3]. Moreover, moisture content could change the deformation behavior, 

bonding type, and area of particles [4, 5]. Effect of moisture on tableting 

compression cycles was previously reported by Touré and coworkers [6]. The 

presence of moisture in powder for a certain limit is important for compression and 

consolidation [7-13]. Water is reported to act as a plasticizer for polymers and 

amorphous powders, increasing molecular mobility, and lowers the glass transition 

temperature turning the material from a hard to a soft rubbery state [14-16]. 

Application of fully instrumented compaction simulators is helpful in 
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understanding the compaction cycle at early stages of development and in 

monitoring tablet production process as well [17]. Among the forces that could be 

measured by the sensors in the simulator, the adhesive force radially transmitted to 

the die-wall. Controlling such a tool is very beneficial to understand particles 

deformation and interaction with moisture under pressure and speed. Moreover, 

this parameter was rarely used in compaction research, and data regarding this issue 

are quite old and controversial. Another interesting feature of this chapter was the 

capability to change ejection cam angle (EA) by the aid of compaction simulation. 

No studies at all are found regarding the effect of changing ejection angle on 

ejection force. A major advantage of the simulator used in this study; the Presster, 

that this angle could be changed to investigate friction and ejection forces. In rotary 

machines, this angle is fixed to different values, e.g. Korsch: 13°; Fette: 12°. The 

aim of this chapter was to investigate the effect of Aw on compaction of powders 

through RDWP monitoring. Tools for early prediction of powder sticking were also 

applied. Moreover, the effect of ejection angle change on ejection was studied. 

Finally these tools were discussed and evaluated for a real application. 
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Materials and Methods 

Materials 

Microcrystalline cellulose MCC (Avicel
®
 PH102, FMC Corporation, DE, US), 

directly compressible mannitol (Parteck
® 

M200, Merck KGaA, Darmstadt, 

Germany), calcium hydrogen phosphate dihydrate CHPD (Emcompress
®
, JRS 

Pharma, Rosenberg, Germany), pregelatinized starch (Sta-Rx
®
 1500, Colorcon, 

Idstein, Germany), spray dried lactose monohydrate (Flowlac
® 

100, Meggle, 

Wasserburg, Germany), and magnesium stearate (Mg stearate, supplied by Sandoz 

AG, Basel, Switzerland). 

Methods 

Powder storage 

Powders were stored for six weeks to ensure complete equilibrium in desiccators 

with two extreme conditions of relative humidity; (0% RH, temperature 19-20ºC), 

and (90% RH, temperature 21-22ºC) created by a saturated solutions of phosphorus 

pentoxide and potassium nitrate, respectively (analytical grade, Merck KGaA, 

Darmstadt, Germany).  
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Powder Characterization 

Water activity (Aw) 

Powder water activity as well as temperature were checked regularly with 

HygroPalm AW1 and HygroClip water activity station (Rotronic AG, Bassersdorf, 

Switzerland) before, during, and after compaction, see Table 16.  

Table 16 Average water activity (Aw) values of powders before, during, and 

after compaction  

Material % RH Aw Temperature ºC 

MCC 

0 0.042 ± 0.01 28.30 ± 1.63 

90 0.879 ± 0.02 29.00 ± 0.90 

Pregelatinized 

starch 

0 0.058 ± 0.01 28.90 ± 1.56 

90 0.882 ± 0.01 28.95 ± 1.06 

Mannitol 
0 0.305 ± 0.07 29.10 ± 1.14 

90 0.864 ± 0.02 29.50 ± 0.66 

Lactose 
0 0.234 ± 0.13 30.00 ± 2.12 

90 0.566 ± 0.23 30.35 ± 1.48 

CHPD 

0 0.285 ± 0.17 28.10 ± 0.99 

90 0.583 ± 0.23 28.40 ± 0.71 
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True density 

True density of powders was measured by AccuPyc 1330 helium pycnometer 

(Micrometrics, Norcross, GA, US). A known weight of the samples was placed into 

the sample cell. Values were expressed as the mean of five parallel measurements. 

Differential scanning calorimetry (DSC) 

DSC was done to check any phase transitions after the storage of powders at the 

two different relative humidity conditions (Perkin Elmer DSC 4000, MA, US). 

Samples (4 to 8 mg) were encapsulated in aluminum pans with holes and heated in 

a temperature range of 0 to 250ºC with a heating rate 10ºC/min in a nitrogen 

atmosphere. 

Powder compaction 

Powder compaction was carried out using a compaction simulator (Presster
™

, 

Metropolitan Computing Corp., NJ, US) simulating the tablet press Korsch PH336 

(36 stations). The compaction rolls used were 300 mm in diameter. Accordingly, a 

flat-faced B-tooling with a diameter of 10 mm was used to make tablets of 250 mg 

in weight. Powder feed was manually done. All formulations had 1% (w/w) Mg- 

stearate as a lubricant. The machine was set to perform compaction pressures of 50 

and 300 MPa at the compaction speeds of 0.5 and 2 m/s corresponding to the 

following dwell times (19, and 4.8 ms), respectively, and at the ejection angles of 5 
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and 15 degrees. Six tablets were compressed at the same experimental conditions 

and the mean was calculated. Residual die-wall pressure (RDP), maximum die-wall 

pressure (MDP), work of compaction (WC), ejection force (EF), take-off force (TO, 

force required to scrape the formed compact from the lower punch after ejection), 

and effective fall time (EFT, Time interval between 90% and 10% of the peak on 

the down slope for force/time compression curve)  were measured. Moreover, axial 

to radial stress ratio (SR) (MDP to the average of upper and lower compression 

pressures), friction coefficient during compression FCC (µc), and friction 

coefficient during ejection FCE (µe) were calculated. Friction coefficients were 

calculated according to equation 1 [18] and equation 2 [19]: 
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                                                                                  (1) 

Where Fe is the ejection force and Fr0 is the residual die-wall force. 
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Equation (2), developed by Cunningham and coworkers, was modified in this study 

to fit the dynamics of the Presster
™

. FU and FL are the upper and lower compression 
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forces, MDF is the maximum die-wall force, LPD is the lower punch displacement, 

D is the die diameter, and H is the compaction height. 

Compact characterization 

 Radial tensile strength (RTS) 

Crushing strength of a compact was determined by pressing it diametrically on a 

Pharmatron tablet tester (model 8D, Dr Schleuniger Pharmatron Inc., Solothurn, 

Switzerland). Radial tensile strength σ (MPa) was calculated according to: 

 σ = 2F/πdh                                                                                  (3) 

Where F is the force required to cause failure in tension (N), d is the compact 

diameter (mm), h is the compact thickness (mm), and π is a constant equals 3.1416. 

Compacts dimensions were measured using a micrometer with a precision of 

0.01mm (Mitutoyo, Japan). 

Porosity 

Compact porosity was calculated from compact`s apparent density and dimensions 

according to the following equation: 

 21 . . Tm r h    
                                                          (4) 
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Where ɛ is the in-die porosity, m is the compact mass (mg), r
 
is the compact radius 

(5 mm), h is the in-die compact height (mm), ρT is the true density (mg/mm
3
) of 

powders. 

Elastic recovery (% ER0) 

The % ER0 for a compact was calculated from “zero pressure thickness” that could 

be seen from the force vs. thickness plot, and “minimum punch gap” (thickness at 

maximum compression), features of Presster
®
 software. 

0(%) .100i m mER T T T                                                        (5) 

Where Ti is the compact thickness at zero pressure just before ejection, Tm is the 

minimum compact thickness at maximum compression force. 

Differential scanning calorimetry (DSC) 

A mass from the compact was snatched by a spatula and measured after 

compaction as mentioned above. 

Data interpretation 

To study the effect of different compaction variables, runs were generated 

according to an experimental design using STAVEX
®
 5.0 (Aicos, Switzerland), 

applying a 2-level full-factorial design, two blocks, unforced, modeling mode, 
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Table 17. Compaction pressure, speed, Aw, and EA (2- Level) were the factors. 

RDP, MDP, SR, EF, FCE, FCC, TO, EFT, WC, RTS, ER0, and porosity were the 

responses. Least squares analysis was applied for the fitted model. The model was 

evaluated in terms of statistical significance using analysis of variance (ANOVA) at 

a level of significance (p< 0.05). 
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Table 17 Experimental design generated by STAVEX
®
 5.0 to study the effect 

of powder water activity (Aw) and machine`s ejection cam angle 

(EA) on radial die-wall pressure at high/low compression pressures 

and speeds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Run 
Compression 

Pressure (MPa) 

Compression 

Speed (m/s) 
Aw (%) 

EA 

(degrees) 

1 50 0.5 0 5 

2 50 2 90 5 

3 50 2 0 15 

4 50 0.5 90 15 

5 300 2 0 5 

6 300 0.5 90 5 

7 300 0.5 0 15 

8 300 2 90 15 

9 300 0.5 0 5 

10 300 2 90 5 

11 300 2 0 15 

12 300 0.5 90 15 

13 50 2 0 5 

14 50 0.5 90 5 

15 50 0.5 0 15 

16 50 2 90 15 
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Results and Discussion 

True density and Differential Scanning Calorimetry (DSC) 

Table 18 shows the values of true density for powders used and DSC parameters. 

Table 18 True density and DSC parameters of the investigated powders 

 

Powder 
True density ± 

SD 
RH (%) 

Peak 

Temperature 

(°C) ± SD 

Delta H 

(J/g) ± SD 

MCC 1.5859 ± 1.9·10-3
 

0 76.58 ± 1.65 168.08 ± 13.22 

90 76.68 ± 4.8 193.72 ± 16.9 

Pregelatinized 

starch 

1.4964 ± 0.6·10-3
 

0 89.48 ± 3.01 237.05 ± 0.00 

90 83.73 ± 0.00 247.81 ± 0.00 

Mannitol 1.5154 ± 0.7·10-3
 

0 168.73 ± 0.36 249.67 ± 6.49 

90 168.49 ± 0.1 243.41 ± 1.07 

Lactose 1.5419 ± 1.2·10-3
 

0 145.63 ± 0.43 166.56 ± 24.59 

90 146.86 ± 0.11 175.79 ± 29.43 

CHPD 2.4818 ± 1.6·10-3
 

0 192.9 ± 1.32 392.79 ± 9.29 

90 194.54 ± 1.67 388.73 ± 21.55 

 

 The true density values for all powders were in the same range except for CHPD, 

which had the highest true density. Regarding DSC, powders showed almost the 

same thermograms at 0 and 90 % RH where peak temperature and Delta H did not 

significantly change. Also for compacts, the same result was found at low/high 
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speeds and compression pressures (results not shown). These results indicated no 

phase change due to moisture. Mannitol, lactose, and CHPD powders showed 

relatively high Aw before, during, and after compaction regarding to powder storage 

at 0% RH. Previous study showed that these powders were the least sensitive to 

moisture [20]. 

Effect of Aw on Residual Die-wall Pressure (RDP) 

By increasing compression pressure and Aw, RDP was reduced for all powders, 

(p< 0.00001), except for pregelatinized starch where increasing compression 

pressure/speed at high Aw caused an increase in RDP, (p< 0.003). Figure 34 shows 

the effect of Aw on RDP for MCC, where RDP was significantly reduced by 

increasing Aw.  

 

Figure 34 Effect of Aw on RDP for MCC 
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The reduction of RDP could be attributed to lubrication effect of water where 

adsorbed moisture reduces particle surface energy, hence adhesion to die-wall. 

Similar results were reported before [21-24]. However for pregelatinized starch, the 

increase of RDP at high speed /compression pressure is related to the increase in 

radial relaxation for pregelatinized starch compacts at these conditions by 

increasing Aw due to reduced interparticulate friction and interaction. 

Effect of Aw on Maximum Die-wall Pressure (MDP) 

By increasing compression pressure and Aw, MDP was increased for plastic 

powders MCC, pregelatinized starch, and mannitol, (p< 0.007). Figure 35 shows 

the increase of MDP for MCC by increasing Aw.  

 

Figure 35 Effect of Aw on MDP for MCC 
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Regarding brittle powders; MDP was reduced for lactose, (p< 0.05), and no effect in 

case of CHPD. The increase of MDP was due to the increased plasticity of the 

powders by moisture. At high Aw, compression pressure caused an increase in MDP 

for MCC and pregelatinized starch, (p< 0.00001), due to plasticity enhancement and 

a decrease in MDP for lactose, (p< 0.002), due to the prevalence of its brittle nature 

and creation of new surfaces continuously that fail to adhere to the die-wall. On the 

other hand, increasing speed at high Aw led to the increase of MDP for 

pregelatinized starch which could be explained similar to the effect on RDP. Obiorah 

and Shotton [25] reported that moisture caused a slight increase of MDP for 

paracetamol and phenacetin. Nokhodchi and coworkers [26] reported that moisture 

improves plastic deformation for ibuprofen compacts. It was found that water acts as 

a plasticizer that increases molecular mobility and increases compressibility of 

powders [1, 27-33]. Moisture was reported to facilitate powder compression by 

reduction of interparticulate friction [24, 34]. Moreover, moisture was also reported 

to increase the rearrangement and slippage of particles and reducing interparticulate 

interactions [12, 35, 36]. In this study, CHPD and mannitol are crystalline in nature, 

while pregelatinized starch, MCC, and lactose have both crystalline and amorphous 

fractions [10, 31, 37-39]. Moisture increased the fluidity and molecular mobility of 

crystalline powders and changed hard, glassy, amorphous powders to a soft, rubbery 
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state, so the net result was an improvement in compressibility and high radial 

relaxation in response to applied axial pressure. 

Effect of Aw on Stress Ratio (SR) 

By increasing compaction pressure and Aw, stress transmission through powder 

bed was increased for all powders (except CHPD, no effect), (p< 0.01), which was 

attributed to the increase of plasticity for these powders as mentioned for MDP. 

Figure 36 shows the effect of Aw on SR for pregelatinized starch where SR 

significantly increases by increasing Aw.  

 

Figure 36 Effect of Aw on SR for pregelatinized starch 

 

Increasing compression pressure at high Aw increased SR for MCC, (p< 0.0001), 

and reduced SR for lactose and pregelatinized starch, (p< 0.0003), because of the 

increase of fragmentation for the first and limited MDP increase relative for the 
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applied high axial pressure for the later. However at high Aw, speed increased SR 

for pregelatinized starch, (p< 0.0001), due to enhancing the plastic component over 

the elastic component where elastic recovery was reduced, as would be mentioned 

later. Moisture content within powder was reported to improve axial pressure 

transmission through powder bed due to improvement of densification [40, 41] and 

due to hydrodynamic lubrication [12]. 

Effect of Aw on Ejection Force (EF)   

By increasing compaction pressure and Aw, EF was reduced for MCC, lactose, and 

CHPD, (p< 0.0005), due to lubrication effect as mentioned with RDP. No effect 

was found for pregelatinized starch, and mannitol. Increasing compression pressure 

at high Aw reduced EF for mannitol and CHPD due to the lubrication effect of 

moisture, (p< 0.003). Nokhodchi and coworkers [23] reported that an increase in 

moisture resulted in reduction of EF for ibuprofen compacts. This was due to 

reduction of particle adhesion to die-wall by the water film on the particle surface.  

 Effect of Aw on Friction Coefficient during Compaction (FCC) and Friction 

Coefficient during Ejection (FCE) 

By increasing Aw, friction coefficient during compaction FCC was reduced for 

MCC, Figure 37, and pregelatinized starch, (p< 0.0001), due to die-lubrication 

effect by moisture and reduction of particulate friction. However, in case of 
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mannitol; FCC was increased. This could be due to the low sensitivity of mannitol 

to moisture [42]. No effect was found on lactose and CHPD due to their brittle 

nature.  

 

Figure 37 Effect of Aw on FCC for MCC 

 

Regarding friction during ejection, by increasing Aw; FCE was reduced for MCC, 

lactose, and CHPD, (p< 0.02), but increased in case of mannitol, (p< 0.008), 

Figure 38. This is explained similar to the effect of Aw on FCC. Similar results 

were reported by Shotton and Rees [43]. 
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Figure 38 Effect of Aw on FCE for mannitol 

Effect of Aw on Take-off force (TO) and Effective Fall Time (EFT) (sticking 

prediction tools) 

By increasing Aw, TO force was enhanced only for pregelatinized starch, Figure 

39, and CHPD, (p< 0.008), leading to higher tendency of sticking while TO force 

was reduced for lactose, (p< 0.03).  

 

Figure 39 Effect of Aw on TO for pregelatinized starch 
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Moisture could act as a triggering agent to activate the surface of particles for 

adhesion. On the other hand, lactose showed a reduced TO force by increasing 

moisture due to smoother surface in comparison to CHPD [44]. TO force has been 

previously used as a prediction tool for sticking, however not sensitive enough to 

differentiate between the powders quantitatively [45]. Moisture was reported to be 

directly related to sticking [46, 47]. Pregelatinized starch was reported to show 

inherent sticking tendency by increasing moisture [48]. In this chapter, a new 

sticking prediction tool was proposed; EFT which is derived from the 

decompression time. A delay or an increase in EFT means upper punch sticking to 

the compact surface which requires more time for separation during decompression 

phase. It was found that by increasing compression pressure at high Aw; all the 

powders showed an increase in EFT, (p< 0.01), showing tendency for sticking at 

these extreme conditions. Figure 40 shows the effect of increasing Aw and 

compression pressure on pregelatinized starch where EFT was significantly 

increased. However by increasing Aw at low pressure, EFT was decreased for 

MCC, pregelatinized starch, and CHPD, (p< 0.002), due to water lubrication effect. 

Generally, speed decreases decompression time, however, interaction of speed and 

Aw increased EFT for pregelatinized starch, (p< 0.007) showing sticking tendency 

for this excipient and decreased EFT for lactose, (p< 0.01), due to its weak 

sensitivity for moisture and smooth surface as mentioned before. 
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Figure 40 Effect of Aw on EFT for pregelatinized starch 

Effect of Aw on Elastic Recovery (ER0) and Radial Tensile Strength (RTS) 

By increasing Aw, elastic recovery was reduced in case of MCC and pregelatinized 

starch, (p< 0.001), Figure 41. The presence of moisture led to the formation of 

strong hydrogen bonds for plastic materials and reduced ER0. This is in accordance 

with the results previously reported in literature [8, 12]. Nokhodchi and coworkers 

[23] reported that moisture reduced elastic energy for ibuprofen compacts by 

increasing Van der Waal`s forces and reducing separation between particles. On the 

other hand, elastic recovery was increased for lactose by increasing Aw, (p< 

0.0001), due to water multilayer formation on particle surface leading to an 

increase of the distance between particles and to a reduction of particles attraction 
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or bonding.  This was further confirmed by the reduced RTS for lactose compacts, 

(p< 0.0001), Figure 42.  

 

Figure 41 Effect of Aw on ER0 for pregelatinized starch 

 

 

Figure 42 Effect of Aw on RTS for lactose 
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Lerk and coworkers [49] reported that removal of water of crystallization from α-

lactose monohydrate resulted in higher tablet strength. Shukla and Price [50] 

reported a reduced RTS on increasing water content for lactose. Moisture was 

reported to reduce bonding between paracetamol particles [8, 51, 52]. By 

increasing compression pressure/speed at high Aw, ER0 was increased for MCC. At 

these conditions, MCC compacts showed capping and lamination. Increasing speed 

caused shorter dwell time available for particle bonding, hence higher elastic 

recovery. These results are in accordance with those reported previously in 

literature [12, 23, 53]. In this study pregelatinized starch failed to form compacts at 

low Aw and low pressure which indicated the importance of moisture up to certain 

limits for successful compaction. This is in accordance with Zografi and Kontny 

[54] who reported that poor starch compacts were formed because of low moisture. 

Effect of Aw on Work of Compaction (WC) 

By increasing Aw, WC was reduced for all powders, (p< 0.0001), due to 

plasticizing effect of water by reduction of interparticulate friction and ease of 

particles slippage and arrangement, hence facilitated compressibility. Moisture 

content was reported to decrease plastic energy of compaction [11, 23, 31, 35, 55]. 
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Effect of Aw on Porosity  

By increasing Aw, porosity of the compacts was reduced for mannitol, lactose, and 

CHPD, (p< 0.005), and no effect was found for other powders. This could be 

explained by the condensation of water in the capillary region of powder bed at the 

area of contact between particles increasing the cohesion by liquid bridges. Such 

phenomenon was explained previously by Hiestand [56]. Armstrong and coworkers 

[57] reported reduction in porosity by increasing moisture for CHPD tablets. Garr 

and Rubinstein [12] reported that moisture increases the relative density of powder 

bed under compaction and Ahlneck and Alderborn [24] reported that high moisture 

reduced porosity. However at high compression pressures, porosity was increased 

for mannitol and lactose, (p< 0.0003), due to pressure effect where water is 

squeezed off the pores creating a porous structure. On the other hand, porosity was 

reduced for CHPD by increasing compression pressure at high Aw, (p< 0.007), due 

to its brittle nature and creation of new particles occupying the pores.  

Effect of Aw on Ejection Angle (EA) 

Not ever studied before, increasing the angle of ejection cam, enhanced the values 

of EF and FCE, (p< 0.0001), for all the powders (except mannitol, showed no 

effect). Thus, it is advised to adjust the EA to a minimum during compaction. 

Figure 43 shows the effect of changing EA from 5 to 15 degrees on FCE for MCC 
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powder at high speed/Aw and both low and high compression pressures where 

friction was increased. 

 

Figure 43 Effect of ejection angle change on FCE for MCC at high speed and Aw (LCP= 

Low compression pressure; HCP= High compression pressure) (RSE=0.01) 
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Conclusion 

Aw or free moisture could give an estimate of the bound water in powder. Moisture 

could change the deformation behavior of particles. Radial die-wall monitoring was 

a useful tool to investigate particle/moisture interaction regarding cohesion and 

adhesion. Low RDP values induced by moisture showed low tendency for the 

particles to adhere to die-wall due to lubrication which was further confirmed by 

reduced other related compaction parameters like EF and friction coefficients. High 

MDP values induced by moisture plasticizing effects showed the ease of 

compressibility and good axial pressure transmission through powder bed. 

Moisture reduced elastic recovery due to decreased interparticulate interaction, 

reduced porosity due to filling of pores by water, and reduced tensile strength due 

to weakening of bonding. Moisture increased TO force due to activation of particle 

surface for bonding and reduced EFT due to lubrication effect. As a new reliable 

tool to detect sticking, EFT showed an increased value (delay in decompression) at 

high moisture and compression pressure. Regarding ejection, it is advised to keep 

the angle of ejection to a minimum during compaction in order to avoid the 

increase of EF and friction which could shorten the tablet machine and tooling life 

span.  
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Chapter 5: Investigating the effect of punch geometry on high speed 

tableting through radial die-wall pressure monitoring5 

Abstract 

Context: Dwell time mainly depends on punch geometry, so some tableting 

problems such as capping and lamination could occur at high speed compaction. 

Robust tools are required to monitor the interaction of punch tip and powder bed at 

these high speeds. Objective: The aim was to investigate the effect of punch 

geometry (flat and standard concave) on high speed compaction using radial die-wall 

pressure (RDWP) as a monitoring tool. Materials and Methods: Instrumented die 

guided by compaction simulation was applied for five materials with different 

compaction behaviors. Results and Discussion: Flat-faced punch showed higher 

residual, maximum die-wall pressures, and axial stress transmission than concave 

punches, (p< 0.003). Moreover, flat-faced punches showed less friction upon ejection, 

(p< 0.003). Flat compacts showed higher elastic recovery, tensile strength, and 

required less work of compaction than convex compacts, (p< 0.05). Conclusion: 

                                                            
5 “Reprinted from Pharm Dev Tech, Vol./No., S. Abdel-Hamid and G.Betz, Investigating the effect of punch geometry on high speed tableting 

through radial die-wall pressure monitoring, Pages 1-8, Copyright (2011), with permission from Informa Healthcare” 
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RDWP monitoring was a useful tool to prove that flat-faced punch induced higher 

radial stresses and particle/particle interactions in comparison to concave punch. 

Key words: tooling geometry, radial die-wall pressure, high speed compaction, 

compaction simulation, density distribution, capping 
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Introduction 

Tooling is important for effective pharmaceutical compaction and for the quality of 

the final compact. Tooling is referred to the set of punches and dies of a tablet press. 

The upper punch function is mainly compression and can be controlled by the 

adjustment of the penetration depth into the die. On the other hand, the lower punch 

has more functions in rotary presses such as die overfilling, moving up to allow 

excess powder scraping, compression, and finally ejection of compacts out of the 

die. Tooling is classified according to EU, TSM, and Japanese standards relative to 

the punch length and head dimensions. And for each design there are B and D types 

depending on punch barrel diameter. Tablet manufacture productivity highly 

depends on tooling, where some compaction problems such as capping, lamination, 

and sticking could arise regarding tooling geometry. The interaction between 

tooling and powder under pressure determines density distribution for this powder, 

so tooling geometry plays a key role in the compaction process [1]. The production 

of round surface tablets is usually not desired because this may lead to punch-to-die 

binding or self locking [2]. In comparison to flat-faced punches, higher 

compression forces are required for concave or cup-faced punches to compress the 

same powder mass or volume [3]. Sometimes, tooling helps to correct formulation 

defects by controlling tooling size and shape. Capping could occur whatever was 
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the tooling geometry where the development of a capping shear band for lactose 

compacts was reported to occur for both flat and convex compacts [4]. 

Understanding pressure distribution on punch tip surface is important for 

optimizing tooling design [5]. Punch geometry was reported to affect density 

distribution within compacts [6]. Although having more resistance against edge 

chipping, convex compacts are more liable to capping than flat-faced compacts [7]. 

Effect of punch geometry on powder compaction was never investigated before 

under conditions similar to real compaction (i.e. dwell time), where the studies 

were done at low speeds and at only single sided compaction. Nowadays the 

application of compaction simulation in pharmaceutical industry is no more an 

accessory. Simulation helps to deeply understand the process and fastens the 

scaling up process without problems, which saves money and time [8]. The Presster 

used in this study is a mechanical compaction replicator which allows mimicking 

production presses without any application of hydraulic control and hence, works 

under conditions close to production. RDWP monitoring was beneficial to 

investigate the compaction behavior of powders and detecting friction at early stage 

of development [9]. The aim was to use RDWP aided by compaction simulation for 

the first time to investigate the effect of flat and concave punch geometries on high 

speed tableting to be applied at development as well as during production. 
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Materials and Methods 

Materials 

Microcrystalline cellulose MCC (Avicel
®
 PH102, FMC Corporation, DE, US), 

directly compressible mannitol (Parteck
® 

M200, Merck KGaA, Darmstadt, 

Germany), calcium hydrogen phosphate dihydrate CHPD (Emcompress
®
, JRS 

Pharma, Rosenberg, Germany), pregelatinized starch (Sta-Rx
®
 1500, Colorcon, 

Idstein ,Germany), spray dried lactose monohydrate (Flowlac
® 

100, Meggle, 

Wasserburg, Germany), magnesium stearate (Mg stearate, supplied by Sandoz AG, 

Basel, Switzerland). For basic studies, these materials cover the different 

deformation behaviors that could be shown by any formulation. MCC and 

pregelatinized starch are viscoelastic, mannitol is plastic, spray dried lactose is 

plastic/brittle, and CHPD is brittle [10-14]. 

Methods 

Powder Characterization 

True density 

True density of powders was measured by AccuPyc 1330 helium pycnometer 

(Micrometrics, Norcross, GA, US). A known weight of the samples was placed into 

the sample cell. Values were expressed as the mean of five parallel measurements. 
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Particle-size distribution 

The average particle size was determined by laser diffraction with a Malvern 

Mastersizer X (Malvern Instruments, Worcestershire, UK). The measurements 

were carried out three times for each sample. Obscuration value between 10 to 30% 

was got in all measurements. The function “polydisperse” was activated. Mean, 

median particle size, and span (particle size distribution) were recorded. 

Powder compaction  

Powder compaction was carried out using a compaction simulator (Presster
™

, 

Metropolitan Computing Corp., NJ, US) simulating the tablet press Korsch PH336 

(36 stations). The compaction rolls used were 300 mm in diameter. Accordingly, 

flat and standard cup B-tooling with a diameter of 10 mm was used to make tablets 

of 250 mg (350 mg for CHPD) in weight. Powder feed was manually done. The 

machine was set to perform compaction pressures of 50, 100, 150, 250, and 300 

MPa at the compaction speeds of 0.5, 1, 1.5, and 2 m/s corresponding to the 

following dwell times (19, 9.5, 6.4, and 4.8 ms), respectively. The Presster carriage 

moves in a linear trend, so the speed was horizontal. Six tablets were compressed at 

the same experimental conditions and the mean was calculated. Residual die-wall 

pressure (RDP), maximum die-wall pressure (MDP), and work of compaction (WC) 

were measured. The die-wall pressure reaches a maximum value, MDP, just after 
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the upper and lower punches show maximum compression values, and shows a 

constant residual value, RDP, after upper and lower punch forces become zero. 

Axial to radial stress ratio (SR) (MDP to the average of upper and lower 

compression pressures) and friction coefficient during ejection FCE (µe) were also 

calculated. FCE (µe) was calculated according to the following equation [15]:          

0r

e
e

F

F


                                                                                (1)                                                       

Where Fe is the ejection force and Fr0 is the residual die-wall force. 

Compact characterization 

Radial tensile strength (RTS) 

Crushing strength of a compact was determined by pressing it diametrically on a 

Pharmatron tablet tester (model 8D, Dr Schleuniger Pharmatron Inc., Solothurn, 

Switzerland). Radial tensile strength σ (MPa) was calculated according to the 

equation [16]: 

 σ = 2F/πdh                                                                                 (2)                                             

Where F is the force required to cause failure in tension (N), d is the compact 

diameter (mm), h is the compact thickness (mm), and π is a constant equals 3.1416. 
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Compacts dimensions were measured using a micrometer with a precision of 

0.01mm (Mitutoyo, Japan). 

Porosity 

Compact porosity was calculated from compact apparent density and dimensions 

according to the following equations: 

For flat compacts: 

 21 . . Tm r h    
                                                          (3) 

For convex compacts: 

    21 80.16 . . 2.092 Tm r h      
                   (4) 

Where ɛ is the in-die porosity, m is the compact mass (mg), r
 
is the compact radius 

(5 mm), h is the in-die compact height (mm), 80.16 mm
3
 is the upper and lower 

cups' volume, 2.092 mm is the upper and lower cups' depth, and ρT is the true 

density (mg/mm
3
) of powders. 
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Elastic recovery (% ER0) 

The % ER0 for a compact was calculated from “zero pressure thickness” that could 

be seen from the force vs. thickness plot, and “minimum punch gap” (thickness at 

maximum compression), features of Presster
®
 software.  

0(%) .100i m mER T T T                                                        (5) 

Where Ti is the compact thickness at zero pressure just before ejection, Tm is the 

minimum compact thickness at maximum compression force. 

Data interpretation 

To study the effect of different compaction variables, runs were generated 

according to an experimental design using STAVEX
®
 5.0 (Aicos, Switzerland) 

applying an external factorial design, linear/interaction; D-optimization, modeling 

mode, see Table 19. Compaction pressure (5 levels), speed (4 levels), and tooling 

shape (2 levels) were the factors. RDP, MDP, SR, FCE, ER0, RTS, WC, and 

porosity were the responses. Least squares analysis was applied for the fitted model. 

The model was evaluated in terms of statistical significance using analysis of 

variance (ANOVA) at a level of significance (p< 0.05). 
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Table 19 Experimental design generated by STAVEX
®
 5.0 to study the effect 

of tooling shape on radial die-wall pressure  

 

 

 

 

 

 

 

 

 

 

 

 

 

*
 (F) Flat-Face, (C) Standard Concave 

 

 

 

 

Run 
Compression 

Pressure (MPa) 

Compression 

Speed (m/s) 
Tooling Shape* 

1 50 1.5 F 

2 50 1.5 C 

3 100 0.5 C 

4 100 0.5 F 

5 150 2 F 

6 150 1 F 

7 150 2 C 

8 150 1 C 

9 250 0.5 C 

10 250 0.5 F 

11 300 1.5 F 

12 300 1.5 C 
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Results and Discussion 

True density and particle size distribution 

Table 20 shows the median and mean diameters, and span (particle size 

distribution), as well as the true density of the investigated powders. Mean particle 

size of MCC, lactose, and mannitol were nearly equal, CHPD showed the largest 

mean particle size and narrowest particle size distribution while pregelatinized 

starch showed the smallest particle size and the widest particle size distribution. 

CHPD showed the highest density while densities of the other powders were almost 

the same. 

Table 20 Median, and mean diameters, span, and true density of the 

investigated powders 

 

 

 

 

 

 

 

 

Powder 
Median 

[µm]  

± SD 

Mean 

[µm]  

± SD 

Span  

± SD 

True density 

[g/cm³] ± SD 

MCC 
124.63 ±  

0.93 

136.57 ± 

0.94 

1.68 ± 

 1·10-3 

1.5859 ± 

1.9·10-3 

Mannitol 
131.15 ± 

1.99 

149.22 ± 

2.55 

1.73 ± 

2.22·10-2 

1.5154 ± 

0.7·10-3 

Lactose 
124.87 ± 

1.10 

131.44 ± 

1.01 

1.43 ± 

6.66·10-3 

1.5419 ± 

1.2·10-3 

Pregelatinized 

starch 

86.51 ± 

0.16 

94.90 ± 

0.03 

1.87 ± 

8.72·10-3 

1.4964 ± 

0.6·10-3 

CHPD
 181.71 ± 

3.02 

188.02 ± 

2.90 

0.86 ± 

1.38·10-2 

2.4818 ± 

1.6·10-3 
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Effect of punch geometry on Residual Die-wall Pressure (RDP), Maximum Die-

wall Pressure (MDP), and Stress Ratio (SR) 

For all materials both RDP and MDP were increased, (p< 0.003), by flat-faced 

punch in comparison to concave punch. Figures 44-46 show the effect of punch 

geometry on radial die-wall pressure for MCC, lactose, and CHPD. It could be seen 

that both RDP and MDP were significantly increased (change from blue to red 

zones) by increasing both compression pressure and speed using flat-faced punch in 

comparison to concave punch. Moreover, flat-faced punch showed higher axial 

pressure transmission, (p< 0.0001). Figure 47 shows the higher stress transmission 

through pregelatinized starch induced by flat punch in comparison to concave 

(change from blue to red zones).  

                       

Figure 44 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

RDP for MCC 
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Figure 45 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

RDP for lactose 

                

Figure 46 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

MDP for CHPD 
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                Tooling shape = F                                                          Tooling shape = C 

                  

Figure 47 Contour plots showing the effect of flat (F) and concave (C) punch shapes on SR 

for pregelatinized starch 

 

The increase of RDP and MDP for flat compacts in comparison to convex 

compacts was due to higher area of contact to die-wall and the higher axial-radial 

stress transmission. This could be explained regarding the punch tip design, where 

concave punches induced more radial powder movement due to its geometry in 

comparison to flat-faced punches, so denser zones would be found at the edges 

rather than the core. Flat-faced punch showed homogenous stress transmission on 

powder bed, which led to more uniformity in density distribution in comparison to 

concave punches, and hence higher axial–radial stress transmission. However, 

opposite results were reported that convex tablets have higher RDP than flat-faced 
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[17, 18]. The reason is the lack of good simulation technology at that time where 

the radial die-wall sensor was not covering the whole area for compaction. 

Moreover, Sugimori and coworkers reported extrapolated rather than directly 

measured values for RDP. The accurate reason why usually convex compacts 

experience higher capping tendency in comparison to flat compacts is not RDP 

values but rather the density distribution where for the former the distribution is 

more non uniform [19]. It was reported that skewed punch geometries led to higher 

stress gradients across powder bed during compaction [20], and hence big 

difference in densities.  

Effect of punch geometry on Friction Coefficient during Ejection (FCE) 

In comparison to concave punch, flat-faced punch showed lower friction during 

ejection for all powders, (p< 0.003), except for starch (no effect). Figure 48 shows 

the effect of punch geometry on FCE for MCC where compaction with flat-punch 

showed less friction in comparison to concave punch. The geometry of concave 

punch caused more radial movement for powder, so higher density zones were 

expected at the edges in comparison to the core of the compact. This caused higher 

particle/die-wall interaction for convex compacts. These results are in accordance 

with Djemai and Sinka [21]. It was also reported that convex shaped MCC compacts 

developed high radial elastic recovery at the top corners which led to high friction at 
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these zones and hence capping occurred more frequently than with flat-faced 

compacts [7].  

                  Tooling shape = F                                                          Tooling shape = C 

                       

       Figure 48 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

FCE for MCC 

Effect of punch geometry on Elastic Recovery (ER0) and Radial Tensile Strength 

(RTS) 

Flat compacts showed higher elastic recovery for all materials in comparison to 

convex compacts, (p< 0.002), Figure 49. This was due to the design of concave 

punch tip where the edges come into the closest contact to the powder bed, and the 

center had the greatest separation during compression. Therefore, lower density 

zones for convex compacts were expected at the center, so they showed lower axial 

recovery in comparison to flat compacts. On the other hand, flat compacts showed 
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an increase in RTS for MCC, mannitol, Figure 50, and lactose in comparison to 

convex compacts, (p< 0.02). Convex compacts showed more radial powder 

movement, with expected high density for particles at the edges, hence more 

liability for interaction with the die-wall. Particle/die wall interaction (friction) 

impeded powder movement [22], and this led to high density gradient across 

convex compacts which resulted later for low tensile strength due to fewer contact 

points per unit area and hence weakening of interparticulate bonding. It was 

reported that lamination usually occurs at the boundaries between high and low 

density regions [23]. 

        

    Figure 49 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

ER0 for CHPD 



[Chapter 5] 214 

 

      

        Figure 50 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

RTS for mannitol 

Effect of punch geometry on Work of Compaction (WC) and porosity 

Work of compaction was increased for mannitol, lactose, and CHPD, Figure 51, by 

concave punch in comparison to flat-faced punch, (p< 0.02). The reason was the 

big density gradient across powder bed created by concave punch geometry. This 

required more work of compaction for powder rearrangement and filling the low 

density core to bring particles in contact. The increase of work of compaction was 

reported to decrease trypsin tablet enzyme activity [24]. This shows how punch 

geometry could affect the final quality of tablet. On the other hand, porosity was 

also higher for mannitol, Figure 52, and lactose convex compacts in comparison to 

flat compacts, (p< 0.005). This was attributed again to creation of low density 
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zones by concave punch across the powder bed due to uneven distribution of the 

stress applied. Horikoshi and coworkers [25] reported that stress distribution inside 

the tablet was dependant on the geometry of the tablet and affected porosity 

distribution. Table 21 summarizes all the previous results comparing flat and 

concave punches. 

 

                              

Figure 51 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

WC for CHPD 
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Figure 52 Contour plots showing the effect of flat (F) and concave (C) punch shapes on 

porosity for mannitol 

 

Table 21 Comparison between the effect of flat-faced and standard concave 

punches on compaction parameters 

 

 

 

 

 

 

 

 

 

 

+ Increase, - Decrease 

Parameter Flat Punch Concave Punch 

RDP + - 

MDP + - 

SR + - 

FCE - + 

ER0 + - 

RTS + - 

WC - + 

Porosity - + 
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Conclusion 

With the continuous development of pharmaceutical press machines, where 

nowadays we have machines that produce million tablets per hour; studying the 

effect of tooling geometry as a key factor is very important to understand the 

compaction process. In this study we found that, both RDP and MDP were higher 

in case of flat-faced punches in comparison to concave or cup shaped punches due 

to more uniformity in density distribution caused by punch shape and higher 

contact area to the die-wall. The homogeneity in density for the powder bed due to 

flat shape resulted in even and higher axial-radial stress transmission to the die wall. 

Concave punch induced more radial movement for the powder, which led to higher 

densification at the edges in comparison to flat punch. This caused more 

particle/die-wall interaction or higher friction tendency. Flat compacts showed 

higher tensile strength, lower porosity, and work of compaction due to low density 

gradients for powder bed in comparison to convex compacts. On the other hand, 

convex compacts showed lower elastic recovery due to low density core. Radial 

die-wall monitoring was of great help to understand density changes of powder bed 

under compression regarding particle interaction to punch geometry. 
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Chapter 6: A novel tool for the prediction of tablet sticking during high speed 

compaction6 

Abstract 

Context: During tableting, capping is a problem of cohesion while sticking is a 

problem of adhesion. Sticking is a multi-composite problem; causes are either 

material or machine related. Nowadays detecting such a problem is a pre-requisite 

in the early stages of development. Objective: The aim of this chapter was to 

investigate sticking by radial die-wall pressure monitoring guided by compaction 

simulation. Materials and Methods: This was done by using the highly sticking 

drug; mefenamic acid (MA) at different drug loadings with different fillers that 

were compacted at different pressures and speeds. Results and Discussion: By 

increasing MA loading, viscoelastic fillers showed high residual radial pressure 

after compaction (RDP) while plastic/ brittle fillers showed high radial pressure 

during compaction (MDP), (p< 0.05). Visually, plastic/brittle fillers showed greater 

tendencies for adhesion to punches than viscoelastic fillers, while the later showed 

                                                            
6 “Reprinted from Pharm Dev Tech, Vol./No., S. Abdel-Hamid and G.Betz, A novel tool for the prediction of tablet sticking during high speed 

compaction, Pages 1-8, Copyright (2011), with permission from Informa Healthcare” 

 



[Chapter 6] 223 

 

higher tendencies for adhesion to the die-wall. This was confirmed by higher values 

of axial stress transmission for plastic/brittle than viscoelastic fillers (higher punch 

surface/powder interaction), and higher residual die-wall and ejection forces for 

viscoelastic than plastic/brittle fillers, (p< 0.05). Take-off force was not a useful 

tool to estimate sticking due to cohesive failure of the compacts. Conclusion: 

Radial die-wall pressure monitoring is suggested as a robust tool to predict sticking. 

Key words: sticking, adhesion, radial die-wall pressure, mefenamic acid, 

compaction simulation 
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Introduction 

Sticking is a serious problem in tableting that could affect the manufacturability of 

the process [1, 2]. Sticking refers to the adhesion of materials to punch surface and 

to die-wall. Filming is a slow form of sticking related to powder moisture. Picking 

is another type of sticking in which particles stick to embossing or debossing on the 

punch faces. Sticking tendency increases by increasing compression force, reducing 

lubricant concentration, increasing tablet diameter, and reducing tablet thickness 

[3]. Tablet sticking was estimated by measuring different forces like slipping force 

between the tablet surface and upper punch [4], stripping force [5], and sweep-off 

force [3] from the lower punch, or detachment force from an instrumented upper 

punch [6]. Other indicators of sticking were increasing ejection and take-off forces 

[7-9]. Adhesion of effervescent tablets to punch tips was determined using electron 

microscopy, surface roughness measurements, quantification of punch weight 

variations, and atomic force microscopy guided by molecular simulation [10, 11]. 

Factors affecting adhesion are particle size, shape, and surface roughness, moisture 

content, temperature, surface finish of stainless steel, and tooling geometry [9, 12-

19]. Mechanism of antiadherents to prevent sticking of powder to punch face is the 

reduction of surface energies for these powders [20]. Amorphous materials have 

higher surface energy than crystalline [21], hence they have higher tendency for 
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adhesion. Forces responsible for adhesion include: van  der  Waals  forces,  

electrostatic  forces,  electrical  double  layer  formation, capillary  forces,  and  

other  interfacial  phenomena  such  as  salt  bridge  formation  and  contact  

melting [22-24]. Adhesion takes place commonly by forming a mechanical 

interfacial layer on a rough porous surface where surface mobility and mechanical 

stabilization takes place [25]. Thus, adhesion depends on shear strength and 

plasticity of the materials. Surface treatment such as polishing or coating could 

tremendously affect adhesion [25]. The physicochemical properties of powder and 

metal surface on molecular basis determine the onset of adhesion and other 

mechanical factors such as compression force determine the degree of adhesion. 

Sticking is a complex problem which has material related causes like particle 

surface condition, particle size, melting point, and moisture content; and machinery 

related causes like punch surface condition, compression pressure, and speed. 

Sticking usually appears after increasing the duration of the tablet press running 

time at the end stages of drug product development, so using compaction 

simulation provides a fundamental understanding and early discovery of this 

phenomenon. The aim of this chapter was to investigate powder related factors 

such as particle size, surface condition, drug loading, and machinery related factors 

such as compression pressure and speed on sticking. This was done by radial die-

wall pressure monitoring aided by a fully instrumented compaction simulator to 
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understand the fundamental aspects of sticking through quantitative parameters 

such as radial die-wall pressure, axial stress transmission, as well as ejection, and 

take-off forces. The use of an instrumented die is suggested in literature to explain 

the interaction of particles and punch surface under pressure and speed [26, 27], 

hence was applied in the present work.   
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Materials and Methods 

Materials 

Microcrystalline cellulose MCC (Avicel
®
 PH102, FMC Corporation, DE, US), 

directly compressible mannitol (Parteck
® 

M200, Merck KGaA, Darmstadt, 

Germany), calcium hydrogen phosphate dihydrate CHPD (Emcompress
®
, JRS 

Pharma, Rosenberg, Germany), pregelatinized starch (Sta-Rx
®
 1500, Colorcon, 

Idstein ,Germany), spray dried lactose monohydrate (Flowlac
® 

100, Meggle, 

Wasserburg, Germany), mefenamic acid (Sigma-Aldrich, Steinheim, Germany), 

magnesium stearate (Mg stearate, supplied by Sandoz AG, Basel, Switzerland).  

Methods 

Preparation of powder mixtures 

Mixtures of different fillers and mefenamic acid at three different loadings; 25, 50 

and 75 % (w/w) were prepared by mixing for 2 min at 100 rpm in a Turbula
®
 mixer 

(Type T2A, Wilhelm A. Bachofen AG, Switzerland). All formulations had 1% 

(w/w) Mg stearate as a lubricant. 
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Powder Characterization 

True density 

True density of powders was measured by AccuPyc 1330 helium pycnometer 

(Micrometrics, Norcross, GA, US). A known weight of the samples was placed into 

the sample cell. Values were expressed as the mean of five parallel measurements. 

Particle-size distribution 

The average particle size was determined by laser diffraction with a Malvern 

Mastersizer X (Malvern Instruments, Worcestershire, UK). The measurements 

were carried out three times for each sample. Obscuration value between 10 to 30% 

was got in all measurements. The function “polydisperse” was activated. Mean, 

median particle size, and span were recorded. 

Morphological studies 

Particle morphology for MA was assessed by scanning electron microscopy (SEM) 

(Nova NanoSem 230, Eindhoven, Netherlands). Samples were mounted on 

aluminum stubs using double side adhesive carbon tape and sputter coated with 

gold 20 nm (BalTec MED 020 Coating System, Lichtenstein).  
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Powder compaction 

Powder compaction was carried out using a compaction simulator (Presster
™

, 

Metropolitan Computing Corp., NJ, US) simulating the tablet press Korsch PH336 

(36 stations). The compaction rolls used were 300 mm in diameter. Accordingly, a 

flat-faced B-tooling with a diameter of 10 mm was used to make tablets of 250 mg 

in weight. Powder feed was manually done. The machine was set to perform 

compaction pressures of 50, 150, and 300 MPa at the compaction speeds of 0.5, 1, 

and 2 m/s corresponding to the following dwell times 19, 6.4, and 4.8 ms, 

respectively. Six tablets were compressed at the same experimental conditions and 

the mean was calculated. Working conditions were 29-30°C and 40-45 %RH. 

Residual die-wall pressure (RDP), maximum die-wall pressure (MDP), work of 

compaction (WC), ejection force (EF), and take-off force (TO) were measured. The 

die-wall pressure reaches a maximum value, MDP, just after the upper and lower 

punches show maximum compression values, and shows a constant residual value, 

RDP, after upper and lower punch forces become zero. Axial to radial stress ratio 

(SR) (MDP to the average of upper and lower compression pressures) was also 

calculated.  
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Compact characterization 

Radial tensile strength (RTS) 

Crushing strength of a compact was determined by pressing it diametrically on a 

Pharmatron tablet tester (model 8D, Dr Schleuniger Pharmatron Inc., Solothurn, 

Switzerland). Radial tensile strength σ (MPa) was calculated according to: 

 σ = 2F/πdh                                                                                  (1) 

Where F is the force required to cause failure in tension (N), d is the compact 

diameter (mm), h is the compact thickness (mm), and π is a constant equals 3.1416. 

Compact dimensions were measured using a micrometer with a precision of 

0.01mm (Mitutoyo, Japan). 

Porosity 

Compact porosity was calculated from compact apparent density and in-die 

dimensions according to the following equation: 

 21 . . Tm r h    
                                                         (2) 

Where ɛ is the in-die porosity, m is the compact mass (mg), r
 
is the compact radius 

(5 mm), h is the in-die compact height (mm), ρT is the true density (mg/mm
3
) of 

powders. 
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Elastic recovery (% ER0) 

The % ER0 for a compact was calculated from “zero pressure thickness” that could 

be seen from the force vs. thickness plot, and “minimum punch gap” (thickness at 

maximum compression), features of Presster
®
 software.  

0(%) .100i m mER T T T                                                        (3) 

Where Ti is the compact thickness at zero pressure just before ejection, Tm is the 

minimum compact thickness at maximum compression force. 

Data interpretation 

To study the effect of different compaction variables, runs were generated 

according to an experimental design using STAVEX
®
 5.0 (Aicos, Switzerland), 

applying a Box-Behnken design, optimization mode, Table 22. Compaction 

pressure, speed, and drug loading (3 levels) were the factors. RDP, MDP, SR, EF, 

TO, ER0, RTS, WC, and porosity were the responses. Least squares analysis was 

applied for the fitted model of optimization. The model was evaluated in terms of 

statistical significance using analysis of variance (ANOVA) at a level of 

significance (p< 0.05). 
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Table 22 Experimental design generated by STAVEX
®
 5.0 to study the effect 

of mefenamic acid (MA) loading on radial die-wall pressure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Run 
Compression 

Pressure (MPa) 

Compression 

Speed (m/s) 

Drug Loading 

(%) 

1 50 0.5 50 

2 50 2 50 

3 50 1 25 

4 50 1 75 

5 300 0.5 50 

6 300 2 50 

7 300 1 25 

8 300 1 75 

9 150 0.5 25 

10 150 2 25 

11 150 0.5 75 

12 150 2 75 

13 150 1 50 
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Results and Discussion 

Effect of particle size and surface, and MA loading on sticking 

Table 23 shows the median and mean diameters, and span (particle size 

distribution), as well as the true density of the investigated powders. Mean particle 

size of MCC, lactose, and mannitol were nearly equal, CHPD showed the largest 

mean particle size and narrowest particle size distribution while MA showed the 

smallest particle size and the widest particle size distribution. CHPD showed the 

highest density while densities of the other powders were almost the same except 

for MA was the lowest. Mean particle size of MA was fine (around 60 µm); 

however this value was larger than the values reported in literature where it was 

reported to have a size of 8-18 µm. This could be due to particle aggregation and 

was confirmed with the wide particle size distribution. This fine size of MA led to 

poor compressibility of the formulations especially at high drug loading which led 

to capping and sticking to the punch surface, Figure 53. MA is a good model to 

study tableting problems such as capping and sticking [28]. Fine particles were 

reported to have a high tendency for adhesion [13-15, 19]. SEM picture shows MA 

as microcrystalline aggregated plate-like particles, Figure 54. MA was reported to 

have two different crystal habits depending on crystallization method applied 

during bulk manufacturing [29, 30].   
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Table 23 Median, and mean diameters, span, and true density of the 

investigated powders 

 

 

 

 

 

 

 

 

Different crystal forms have different specific surface areas and surface free 

energies. Adhesion is a surface phenomenon and crystal habits of MA affect its 

mechanical properties due to controlling contact points, frictional, and adhesive 

forces in relation to crystal faces as well as packing geometry [31]. Particle shape 

and surface roughness were reported to have a big effect on adhesion. Paracetamol 

was reported to have high adhesion due to particle irregularity and surface 

roughness [13], and the lamellar shape of PEG 4000 allowed more asperity contact 

points with stainless steel surface [14]. 

Powder 
Median 

[µm]  

± SD 

Mean [µm]  

± SD 

Span  

± SD 

True density 

[g/cm³] ± SD 

MCC 
124.63 ±  

0.93 

136.57 ± 

0.94 

1.68 ± 

 1·10-3 

1.5859 ± 

1.9·10-3 

Mannitol 
131.15 ± 

1.99 

149.22 ± 

2.55 

1.73 ± 

2.22·10-2 

1.5154 ± 

0.7·10-3 

Lactose 
124.87 ± 

1.10 

131.44 ± 

1.01 

1.43 ± 

6.66·10-3 

1.5419 ± 

1.2·10-3 

Pregelatinized 

Starch 

86.51 ± 

0.16 

94.90 ± 

0.03 

1.87 ± 

8.72·10-3 

1.4964 ± 

0.6·10-3 

CHPD
 181.71 ± 

3.02 

188.02 ± 

2.90 

0.86 ± 

1.38·10-2 

2.4818 ± 

1.6·10-3 

MA 
38.93 ±   

2.12 

59.28 ±   

3.37 

3.62 ±     

0.07 

1.2617± 

0.9.10-3 
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Figure 53 Sticking and capping of different MA formulations 

 

 

Figure 54 SEM picture for MA particles 
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Effect of compression pressure and speed on sticking 

Regardless of drug loading, sticking was visually inspected on both upper and 

lower punches at high compression pressure and speed. High compression pressure 

increased the area of contact between powder bed and punch surface due to 

excessive deformation. This led to higher probability for bonding and adhesion. 

Plastic deforming materials tend to be more liable for adhesion due to time 

dependency which would lead to the formation of more adhesive bonds [3, 6, 32]. 

Moreover, deformable particles tend to have higher tendency for adhesion than 

rigid particles due to larger area of contact [33]. In this study, sticking was 

inspected at high compaction speeds although it was reported that shortening the 

penetration time of the lower punch resulted in less time and area of contact, and 

hence reduced bonding of powder bed to punch face [3]. It could be then concluded 

that particle physicochemical properties and compression pressure are rather the 

most critical factors for sticking while speed is more relevant to capping problem. 

Radial die-wall pressure for sticking prediction 

By increasing drug loading, viscoelastic fillers MCC and pregelatinized starch 

showed no effect on maximum die-wall pressure (MDP). Plastic/brittle fillers 

(mannitol, lactose, CHPD) showed an increase in MDP, (p< 0.01). Figure 55 shows 

the increase of MDP for lactose and CHPD by increasing both compression pressure 
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and drug loading (transfer from blue to red zones). There was a higher axial to radial 

stress transmission through powder bed for these fillers in comparison to 

viscoelastic fillers. This resulted in greater tendencies for plastic/brittle fillers’ 

formulations to interact with punch surface, and hence sticking. Visually these 

formulations showed sticking at most of the compaction cycles especially for lactose. 

This was further confirmed by higher stress ratio (SR) for such formulations in 

comparison to viscoelastic fillers’ formulations, (p< 0.02), Figure 56. On the other 

hand viscoelastic fillers’ compacts showed higher residual die-wall pressure (RDP) 

and ejection force in comparison to plastic/brittle fillers’ compacts, (p< 0.002). 

Figure 57 shows the increase of RDP and ejection force for MCC by increasing 

drug loading. This was due to higher radial frictional interactions for viscoelastic 

fillers’ compacts after compaction. This showed that by increasing drug loading, 

viscoelastic fillers showed adhesion to die-wall or radial sticking while 

plastic/brittle fillers showed adhesion to punch faces or axial sticking. These results 

are in accordance with what is reported by Mitrevej and Augsburger [34], that 

ejection force is reduced with time during compaction due to improvement of force 

transmission. Moreover, Kikuta and Kitamori [35] found a direct correlation 

between ejection and radial forces for different lubricants, and estimated lubricants' 

adhesion to be almost zero. It is also reported that MA tablets show high ejection 

forces due to high sticking tendency to surfaces [36].  
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                           (a)                                                          (b) 

Figure 55 Contour plots of MDP for (a) Lactose (b) CHPD 

 

         

                            (a)                                                      (b)       

Figure 56 Contour plots of SR for (a) Lactose (b) CHPD 
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                                     (a)                                                       (b) 

 

Figure 57 Linear plots for MCC showing (a) RDP (b) EF 

Take-off force for sticking prediction 

By increasing MA loading, take-off force showed no change for all formulations 

although sticking was inspected visually. Wang and coworkers [9] mentioned that 

addition of diluents to sticking profens reduced take-off force and resulted only in 

picking or filming rather than significant sticking for the pure drugs. Moreover in 

this study, cohesive failure of compacts led to insignificant change in take-off force 

because adhesion was stronger than cohesion, Figure 53. Capping mainly occurred 

and in fewer cases, failure to make a compact, but this happened only at runs 8 and 

12 in the design (see Table 22) for all fillers due to high drug loading/compression 

pressure/ speed. Other fillers like pregelatinized starch and lactose showed also this 
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phenomena at runs 2, 4 and 6  for pregelatinized starch and  runs 4 and 6 for lactose 

where the first showed failure to make a compact and the second showed mainly 

capping. Weak cohesion was confirmed by the low tensile strength for compacts of 

the remaining runs. In previous studies, cohesive failure led to improper adhesion 

measurement [6, 37, 38]. Also, it was reported that chipping of tablets changed 

surface characteristics and hindered adhesion measurement [3, 34].  

Effect of MA loading on Radial Tensile Strength (RTS), Elastic Recovery (ER0), 

Work of Compaction (WC), and Porosity 

RTS was calculated for intact compacts that did not show cohesive failure. 

RTS was reduced for all compacts' formulations by increasing MA loading, (p< 

0.01), Figure 58. This was due to poor compressibility of MA because of weak 

particle bonding related to its fine particle size. Fine particles showed high 

interparticulate friction and resulted in lower densification of powder and hence 

poor contact. Similar results were previously reported [39, 40]. Another reason was 

the brittle nature of MA [30], where continuous fragmentation resulted in failure of 

interparticulate bond formation. It was reported that increasing the amount of brittle 

materials would lead to a reduction in crushing strength [41]. The brittle nature of 

MA resulted also in reduction of porosity for plastic/brittle fillers due to filling of 

voids on fragmentation, (p< 0.004). Regarding elastic recovery, only plastic/brittle 
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fillers showed high ER0 by increasing MA loading, (p< 0.04), Figure 59. This 

result confirmed the behavior of interacting axially and adhering to punch surfaces 

for such formulations. MA acted as Paracetamol which was reported to be highly 

elastic with brittle fracture [42-44]. This led to the highest incidence of capping for 

such formulations due to further weakening of bonding [45, 46]. By increasing MA 

loading, work of compaction was increased for lactose and CHPD, (p< 0.05), 

Figure 60. These materials showed the highest sticking propensity, so a high work 

of compaction was required to overcome adhesion and friction forces with the 

metal surfaces. It was reported that reducing friction resulted in reduction of the 

work required to compact a powder [2]. 

 

                                       (a)                                                    (b) 

Figure 58 Linear plots of RTS for (a) MCC (b) Lactose 
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Figure 59 Contour plot of ER0 for lactose 

 

        

Figure 60 Contour plot of WC for lactose 
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Conclusion 

Tablet sticking could highly affect the smoothness of the compaction process as 

well as the production time. Radial die-wall pressure monitoring was a successful 

tool to assess sticking. Depending on powder deformation behavior, plastic/brittle 

formulations showed high axial interaction which led to adhesion to punch surfaces 

confirmed by high MDP and SR values while viscoelastic formulations showed 

higher radial interaction led to adhesion to die-wall and confirmed by high RDP 

and ejection forces. Although it is a well known tool to detect sticking, take-off 

force in this study was insensitive to estimate sticking due to cohesive failure of the 

compacts. Tooling polishing or coating could be an expensive solution for this 

problematic surface phenomenon, however sticking sometimes is inherent for 

materials like MA and also related to compaction process parameters like 

increasing compression pressure. So it is advised to investigate this problem in 

early development by using robust tools such as radial die-wall to optimize the 

formulation and compromise the machine parameters from the beginning. 
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Discussion and Outlook 

A challenging task in this thesis was to resolve the conflicts and contradictory 

claims reported in literature about radial die-wall pressure measurement during 

high speed compaction of pharmaceutical materials. The results showed that a 

continuous increase of the residual value of radial die-wall pressure would indicate 

increasing tendency for friction, and hence probability for capping. On the other 

hand, a high constant value of the maximum radial die-wall pressure during 

compaction would provide an evidence for plastic behavior and high stress 

transmission through powder bed. Thus, radial die-wall pressure changes were 

good predictors to mechanical parameters such as tensile strength and elastic 

recovery, as well as to powder compressibility, and density non homogeneity under 

variable physico-chemical/mechanical conditions. Moreover, regarding the 

aforementioned results, radial die-wall pressure showed also robustness as a tool 

for sticking prediction.  

Future prospective would include studying compaction with a temperature 

controlled die, so changes of material physico-chemical characteristics could be 

investigated, such as polymorphism. This could be guided by on-line X-Ray 

Microtomography which allows 3D characterization of the compact microstructure 

and Atomic Force Microscopy for surface scanning and characterization. 
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