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A B S T R A C T   

Capping is a common defect that can occur during the manufacturing of pharmaceutical tablets. Several studies 
showed that decreasing the unloading speed of the manufacturing cycle plays a role in the occurrence of such 
defects. Following this idea, we study in this work the influence of the unloading step on capping using a 
compaction simulator. 

Measuring the die wall pressure made it possible to detect precisely that tablets capped just after the unloading 
(some milliseconds only). To evaluate the impact of the unloading speed on capping, we developed a two-step 
unloading phase controlled by three manufacturing parameters. It was possible to mitigate capping by 
decreasing the speed at which the contact between the punches and the tablet was lost. Capping seemed due to 
dynamical effects related to the release of the axial pressure. The modification of the unloading step to mitigate 
capping led to significant changes in tablet density but no clear trends were found for the residual die-wall 
pressure and tablet strength. 

This work made it possible to improve the understanding of capping. Moreover, the two-step unloading cycle 
gave a new idea for possible modifications that could be done on rotary presses in order to mitigate capping.   

1. Introduction 

Capping is a classical problem that can occur during the production 
of pharmaceutical tablets. It corresponds to a specific kind of failure 
pattern of the tablet, which is usually observed on a tablet after its 
ejection from the die. In the case of a biconvex tablet, which is the form 
that is the most prone to capping, it can be described as the separation of 
one or both cups from the tablet body (Alderborn, 2001). It should not 
be confused with lamination, which is another kind of tablet defect, but 
with failure planes passing through the tablet band (Alderborn, 2001). 
Even if capping is known for more than a century (Wood, 1906), its 
mitigation can still be challenging today. 

The mechanism of capping is well described in the literature. At the 
very end of the unloading part of the compaction cycle, due to the elastic 
recovery of the cup and to the presence of the residual die wall pressure, 
a highly localized shear stress develops at the limit between the land and 
the cup of the tablet and this shear stress can, in some cases, promote the 
failure of the tablet (Hiestand et al., 1977; Mazel et al., 2015; Wu et al., 
2008). This mechanism was confirmed recently by showing that if the 
unloading part of the cycle was modified in such a way that the shear 

stress cannot occur, capping disappeared (Mazel et al., 2019). 
As any breakage event, capping corresponds to a balance between 

the strength of the material and the stresses present in its structure. 
Tablet strength is generally characterized by the tensile strength 
measured by diametral compression (Fell and Newton, 1970) but other 
parameters might also be of interest like the brittle fracture index (BFI) 
(Hiestand et al., 1977), the shear strength (Mazel et al., 2017) or the 
strength anisotropy (Nyström et al., 1978). The final stress distribution 
inside the tablet is mainly determined by the residual die-wall pressure, 
tablet elastic behavior (through its elastic recovery and moduli of elas-
ticity) and also by the viscoelastic nature of the product (i.e. extent of 
time-dependent elastic deformation under applied stress). In order to 
avoid capping, one should try to increase the material strength and/or to 
decrease the internal stresses at the end of the unloading. To do so, the 
first option is to adapt the powder formulation by choosing other com-
ponents and/or by changing the proportions of each product in the 
formulation. The second option is to modify the manufacturing condi-
tions. It is thus possible to manufacture capping-free tablets by modi-
fying the compaction cycle itself, e.g. using the concept of loaded 
ejection (Funakoshi, 1975; Funakoshi et al., 1969; Mazel et al., 2019) or 
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even by modifying the machine itself for example by using flexible die- 
walls (Amidon et al., 1981). In this work, we will focus on possible 
modifications of the compaction cycle in order to prevent capping. 

For a given compaction cycle, the three main process parameters that 
are known to affect capping are the compaction pressure, the use of a 
precompression and the tableting speed. It is well-known that capping is 
more likely to occur at high compaction pressures. In fact, even if 
increasing the pressure both increases the material strength and its re-
sidual stresses, at some point, the increase of tablet strength might not 
counterbalance the increase of the residual stresses. Moreover, 
increasing the compaction pressure leads to a decrease of tablet porosity 
which increases the brittle fracture index of the formulation which may 
lead to an increase of capping occurrence (Croquelois et al., 2020; 
Hiestand et al., 1977). 

The use of a precompression step is also an important tooling in the 
mitigation of capping but the phenomena responsible for this mitigation 
are still not clear from the literature. Some authors claim that the effect 
of precompression on capping comes from the removal of air from the 
formulation (Mann et al., 1982, 1981; Peeters et al., 2018; Swarbrick, 
2006). Nevertheless, there are no convincing proofs in the literature that 
air entrapment might play a significant role in capping occurrence 
(Hiestand, 1997; Ritter and Sucker, 1980). Another argument is that it 
increases the time during which the formulation is under pressure and as 
such it could increase tablet strength (Augsburger and Hoag, 2008; 
Peeters et al., 2018; Swarbrick, 2006; Wray, 1992). This idea led to the 
development of devices or presses that could hold the pressure on the 
tablet between precompression and main compaction in order to 
maximize the time during which tablets were under pressure, e.g. the 
Comprima 300 from IMA or the dwell bar on Korsch machines. Never-
theless, it was proven that holding the precompression might in fact 
cancel its positive effects (Mazel and Tchoreloff, 2020). The effect of 
precompression therefore seems to stem from having two compaction 
events separated by a sufficiently long time period (Vezin et al., 1983) 
which backs up the idea that its effect is in fact related to phenomena of 
stress relaxations especially in terms of viscoelasticity (Hiestand, 1997). 
Unfortunately, precompression is not always sufficient to prevent 
capping occurrence. 

Finally, the tableting speed was long recognized as one of the main 
factors in capping occurrence. It is well-known that capping increases 
when the tableting speed increases (Garr and Rubinstein, 1991; Ritter 
and Sucker, 1980; Ruegger and Çelick, 2000). Multiple explanations can 
be found regarding this influence. The first one comes from the influence 
of this speed on tablet strength as it is known that increasing the speed 
might lower tabletability (Tye et al., 2005). It could also be linked with 
stress relaxation phenomena due to viscoelasticity, e.g. a slower 
compaction might provide more time for internal stresses to relax 
(Hiestand, 1997). However, it is important to note that the compaction 
cycle on rotary presses can be separated into 3 steps (loading, dwell-time 
-i.e. the duration during which the punch flat head is under the main 
compression roller- and unloading) and the kinematics of each step is 
determined by the turret rotation speed and by the shape of the punch 
head. A lot of attention has been paid to the size of the punch flat head in 
order to increase the dwell-time but it is also known that the loading and 
unloading speed can be modified by changing the curvature of the punch 
head. These modifications might change tablet final properties. Indeed, 
(Ruegger and Çelick, 2000) showed that slowing the unloading and 
loading speeds made it possible to increase tablet crushing strength 
when both parameters were not taken identical. (Ritter and Sucker, 
1980) evaluated the influence of the loading and unloading speed on 
capping and concluded that the unloading speed had the most impact on 
capping occurrence. Their conclusion was that “this fact should prompt 
changes in the design of high speed tableting machines”. Nevertheless, 
this idea of the importance of the unloading speed on capping was not 
really followed afterwards. 

The goal of the present paper was to study the influence of the 
unloading step on capping using a compaction simulator. Afterwards, a 

new manufacturing cycle with a modified unloading step was proposed 
in order to mitigate capping. The parameters of this cycle were then 
studied. This made it possible on the one hand to improve the under-
standing of capping phenomena and on the other hand to give a new 
idea of possible modifications that could be made on a rotary press in 
order to avoid capping. 

2. Materials and methods 

2.1. Formulations 

2.1.1. Raw materials 
The following products were used for this study:  

- calcium sulfate dihydrate “Comp” (Compactrol, JRS Pharma, 
Rosenberg, Bade-Wurtemberg, Germany),  

- mannitol “Man” (Mannitol, Cooper, Melun, Seine-et-Marne, France), 
- microcrystalline cellulose “MCC” (Vivapur 12, JRS Pharma, Rosen-

berg, Bade-Wurtemberg, Germany),  
- granulated lactose “MLac” (SuperTab 30GR, DFE Pharma, Goch, 

Nordrhein-Westfalen, Germany),  
- crosscaramellose sodium “CCNa” (Vivasol, JRS Pharma, Rosenberg, 

Bade-Wurtemberg, Germany),  
- magnesium stearate “MgSt” (Ligamed MF-2-V, Peter Greven, Bad 

Münstereifel, Nordrhein-Westfalen, Germany). 

2.1.2. Blending process of the formulations 
Two formulations were studied: a) a lubricated pure product (Comp- 

l = 99 %w/w Comp and 1 %w/w MgSt) and b) a mixture similar to what 
is used in the industry with Man acting as an active principle (F-40Man 
= 40 %w/w Man, 18 %w/w MCC, 36 %w/w MLac, 5 %w/w CCNa and 
1% w/w MgSt). 

Mixtures of 900 g were weighed directly on a 3L recipient using a 
PB3002-S/PH balance (J.P., Mettler Toledo, Hospitalet De Llobregat, 
Catalonia, Spain). Blends were then performed using the T10B turbula 
mixer (Willy A. Bachofen, Muttenz, Switzerland) at 32 rpm. All the 
products for Comp-l were mixed together during 6 min. For F-40Man, a 
first blend of 6 min was performed with the main ingredients (Man, 
MLac and MCC) then followed by a second blend of 6 min with the 
remaining raw materials (CCNa and StMg). Blends were stored under 
controlled atmosphere (20 ◦C and 44% RH) during at least 48 h before 
tablet manufacturing. 

2.1.3. Formulation characterization 
Before manufacturing, each formulation was characterized. The 

apparent particle density ρpyc of each powder was determined using a 
gaz pycnometer (Helium AccuPyc 1330, Micromeritics, Norcross, 
Georgia, USA) with helium. Each run (corresponding to 10 purges and 
10 runs) was performed at (22 ± 1)◦C in a cell of 10 cm3 with an 
equilibration rate of 0.05 psig/min and a pressure of 19.5 psig. For this 
characterization, a mass of about 9.5 g was used for Comp-l and 5.5 g for 
F-40Man. Particle size distribution measurements were done by laser 
granulometry using a Mastersizer 3000 instrument (Malvern Pan-
alytical, United-Kingdom, dry dispersion unit, measurement during 10 
s) . Powder size parameters (D10, D50 and D90) were then estimated. For 
both characterizations, measurements were performed in triplicate for 
each formulation studied (Comp-l and F-40Man). The results are 

Table 1 
Particle size parameters and pycnometric density for each formulations studied.   

Particle size parameters (µm) Density ρpyc (kg/m3) 

D10 D50 D90 

Comp-l 36 ± 5 278 ± 2 488 ± 3 2287 ± 1 
F-40Man 25 ± 1 117 ± 1 288 ± 2 1519 ± 1  
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presented in Table 1. 

2.2. Tablets 

2.2.1. Tablet manufacturing 
All the tablets were manufactured on a Styl’One Evolution 

compaction simulator (Medelpharm, Beynost, France). This device is a 
single station instrumented tableting machine. It is equipped with strain 
gauge force sensors to measure the force on both punches. The 
displacement of each punch is monitored using incremental sensors. 
During the acquisition, the sampling rate was 10 kHz. An instrumented 
die using strain gauge technology was used to monitor the die-wall 
pressure. For all experiments, the filling height was set to obtain 800 
mg for Comp-l and 600 mg for F-40Man and the filling was performed 
using a gravimetric feeder. The compaction thickness was set to obtain 
the targeted axial pressure at the peak of compaction. For the purpose of 
the study, two pairs of Euro B punches were used: a) round concave 
punches with a diameter of 11.28 mm and a radius of curvature of 11 
mm to obtain biconvex tablets and b) flat punches with a diameter of 
11.28 mm to obtain flat-faced cylindrical tablets. The manufacturing 
cycles were set-up using the Profil’One software (Medelpharm, France). 
The different cycles used and the targeted compaction pressures Pcomp 
will be presented below in the article along with the results. For each 
batch made using a specific manufacturing condition (i.e. with a specific 
manufacturing cycle and a fixed compaction pressure), ten tablets were 
manufactured and then characterized. 

2.2.2. In-die measurements 
The residual die-wall pressure of a tablet was measured as the die- 

wall pressure measured when the axial pressure on the lower punch 
reached the value of 0.05 MPa during the unloading step. The 
compaction duration tcomp of a manufacturing cycle was measured as the 
time interval between which the axial pressure on the lower punch was 
higher or equal to the value of 0.05 MPa. The compaction dwell-time tDT 
was measured as the duration during which the axial pressure was equal 
or above 90% of the maximum compaction pressure Pcomp. 

2.2.3. Estimation of tablet solid fraction 
Tablet solid fraction was estimated as the ratio between tablet den-

sity ρtab (evaluated with the measurements of tablet dimensions and 
mass) and the pycnometric density ρpyc.. 

2.2.4. Diametral compression test 
Diametral compression tests were performed using a TA.HDplus 

texture analyzer (Stable microsystems, United Kingdom). Compacts 
were compressed between two flat surfaces at a constant speed of 0.10 
mm/s with an acquisition rate of 500 Hz. The breaking force Fr of each 
tablet was recorded. The tensile strength σT of each flat-faced tablet was 
evaluated using the equation of (Fell and Newton, 1970): 

σT =
2Fr

πDt  

where t and D are respectively the tablet thickness and diameter. 

2.2.5. Capping quantification 
A first macroscopic examination of the tablets after manufacturing 

was made in order to detect capping. A tablet with one or both of its cups 
coming off after manufacturing was considered as capped. An example 
of the defects that we considered as capping ones can be seen in Fig. 1. 

If no capping was visible, tablets were then broken using the diam-
etral compression test using the same idea as in (Akseli et al., 2013). 
Indeed, for tablets presenting capping defects, the use of diametral 
compression test makes it possible to propagate an already existing 
crack leading to tablet cup failure and the registered breaking force will 
be lower than the one expected for a capping-free tablet. Thus, a tablet 
presenting one or both of its cups coming off during the diametral 
compression test was also considered as capped. For a batch, the capping 
behavior was quantified by a parameter called capping index (CI) cor-
responding to the total number of tablet presenting capping defects 
(after ejection and after diametral testing) among the total number of 
produced tablets. 

3. Results 

3.1. Compaction behavior of the formulations 

Before evaluating the influence of the unloading part of the 
compaction cycle on capping, a characterization of the formulations 
studied and their compaction behaviour was performed. 

3.1.1. Formulation compaction with flat punches: Global compaction 
behavior 

To study the formulation compaction ability, we chose to use as a 
baseline manufacturing cycle based on the compaction cycle of a Korsch 
XL 100 at 25 rpm that was modified in order to be able to change the 
unloading part. The compaction phase corresponded to a compaction 
using a roller with a diameter of 150 mm (like on the Korsch XL 100). To 
simulate a dwell-time, the punches were then maintained at the posi-
tions they reached when the axial pressure hit Pcomp during 80 ms which 
is similar to the dwell-time tDT obtained with Euro D punches on the 
Korsch XL 100 at 25 rpm. The unloading was then performed at a con-
stant speed sU (using the “free motion punches” option of the software) 
that was set at 15 mm/s for the base cycle (which gives an unloading 
time similar to the one obtained on the Korsch XL 100). Fig. 2 shows the 
profiles of punch displacements and axial pressures on the example of 
Comp-l compacted at 200 MPa. This cycle will be referred as the baseline 
cycle (BS) for the studies presented in the sections below. 

Flat-faced tablets were manufactured using this cycle with Comp-l 
and F-40Man in order to study their compaction behaviour. Fig. 3 
shows their compressibility, tabletability and compactibility for a range 
of compaction pressure Pcomp from 50 up to 300 MPa. 

It can be seen that the two formulations studied presented different 
compaction behavior especially in terms of compressibility. Thus, tablet 
microstructures and properties obtained using these two formulations 
can be expected to be also different which makes it two interesting cases 
in order to evaluate the influence of the unloading on capping defects. 

Moreover, for both formulations, relatively high compaction 

Fig. 1. Examples of capped tablets characterized a) out-of-the die and b) after the diametral test (both cups came off).  
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pressures (around 300 MPa for Comp-l and 270 for F-40Man) were 
required to obtain a tensile strength of 2 MPa, which is a common me-
chanical target for the development of tablets in the industry. Note that 
the tensile strength was increasing on the whole pressure range studied. 
The pressure range studied corresponds thus to a domain where the 
formulation cannot be considered as overcompressed (i.e. compressed in 
a domain where an increase of the compaction pressure does not lead to 
an increase in solid fraction). 

These characterizations gave a general idea of the compaction 
behavior of the two formulations. In order to study their capping 
behavior, biconvex tablets were then produced, as capping rarely occurs 
on flat tablets. 

3.1.2. Formulation compaction with curved punches: Capping behavior 
In order to estimate the formulation capping behaviour with the BS 

cycle, biconvex tablets were manufactured for a range of compaction 
pressure Pcomp from 50 up to 300 MPa and the presence of capping de-
fects on those tablets was quantified. Fig. 4 shows the influence of the 
compaction pressure Pcomp on capping occurrence for both formulations 
studied. 

Note that both formulations presented capping in the range of 
compaction pressure studied. It can be noticed that, for each product, 
there was a certain compaction pressure below which tablets remained 
capping-free. Above this pressure, capping defects were observed and 
the proportion of capped tablets increased with the compaction pressure 
until reaching a CI of 100% (i.e. no defect-free tablets remaining). The 
increase of capping occurrence with Pcomp is coherent with literature 
(Akseli et al., 2014; Paul et al., 2021). Note that both formulations 
started to cap for a rather similar compaction pressure (between 100 and 
160 MPa), however Comp-l seemed to be more sensitive to capping than 
F-40Man as at 160 MPa the Comp-l batch had a CI of 80% compared to 
20% for F-40Man. 

The influence of the compaction pressure on tablet capping occur-
rence (Fig. 4) was used as a starting point to investigate below the in-
fluence of the unloading speed on tablet capping. 

3.1.3. Parameters selected for the capping analysis and the relevance of 
studying the unloading step 

As mentioned above, the idea of this article was to evaluate the in-
fluence of the unloading part of the cycle on capping. Therefore, using 
the results presented on Fig. 4, we chose to make tablets at two different 
compaction pressures Pcomp leading to capping tablets, referenced 
hereinafter as PA and PB. For each formulation, the condition PA was 
chosen to be in the transition zone between fully capping-free tablets 
and fully capped tablets, i.e. with a capping index CI between 50% and 

Fig. 2. BS profiles of axial pressures (solid lines) and punch displacements 
related to the compaction of Comp-l at 200 MPa (dotted lines) for the upper and 
lower punches (respectively dark gray curves and light gray curves). The speed 
sU corresponds to the speed of the portion from the point A to B. 

Fig. 3. Compaction behavior of Comp-l and F-40Man in terms of a) compressibility, b) compactility and c) tabletability.  
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100%, whereas PB was selected in order to have a worse case than PA 
with only capped tablets (i.e. a CI of 100%). 

Tablets were manufactured with the BS cycle for each formulation at 
the chosen PA and PB. For each BS cycle performed, the compaction 
duration tcomp was determined and the capping index of each formula-
tion was estimated. The chosen pressure set points and the character-
istics of each BS cycle used are shown in Table 2. 

This set of experiments also made it possible, thanks to the use of the 
radial pressure sensor, to have more information on the moment when 
capping failure arises. Results previously published, suggested that the 
breakage took place after the end of the unloading (Mazel et al., 2019). 
Nevertheless, the precise moment during which capping takes place was 
never shown, to our knowledge, in the literature. 

It was possible to evaluate this moment, using the die-wall pressure 
signal of tablets made at PA. Indeed, at this pressure, 20% of the man-
ufactured biconvex tablets were found capping-free and 80% capped. 
Fig. 5 shows, for both formulations, a comparison of the die-wall pres-
sures of two tablets (one capped and one without defects) made at the 
same axial pressure PA. 

It can be noticed that, the tablets compared on each graph were made 
at the same compaction pressure and the die-wall pressures of the cap-
ped tablets were superposed to the ones of tablets presenting no defects 
until the end of the unloading. Then, a sudden drop of the die-wall 
pressure was observed for capped tablets and not for capping-free tab-
lets and it can be thus related to capping. It can be explained by the fact 
that the failure of the tablet cup led to a release of some of the tablet 
internal stresses which was detectable by the strain gauges in the die. 
Therefore, the detection of this drop made it possible to identify the 
moment when tablet failure occurred. Note that identifying the drop on 
the residual die-wall pressure is a simple way to identify capping during 
stages of development or manufacturing. Cup failure happened for both 
formulations just after the unloading part of the cycle: it occurred about 
5 ms for Comp-l and 20 ms for F-40Man after the axial pressure dropped 
to zero. Thus, the proximity of the release of the axial pressure and tablet 
failure seemed to indicate that the unloading part played a role on 
capping. This result justifies our focus on the impact of the unloading 
step on capping in the rest of the article. First, the impact of the 

unloading speed related to the BS cycle on tablet capping was 
investigated. 

3.2. Impact of the unloading speed on capping 

The modification of the unloading speed was performed on the BS 
cycle by changing the value of the parameter sU presented on section 
2.1.1. 

3.2.1. Study of the unloading speed using the compaction simulator 
Fig. 6 shows the influence of the parameter sU on the occurrence of 

capping for tablets made at PA and PB with Comp-l and F-40Man. First of 
all, it can be seen that, for each formulation and each compaction 
pressure, it was possible to find a sU for which capping was not observed. 
This confirms the interest of studying the unloading part of the 
compaction cycle. 

Nevertheless, the speed necessary to obtain a capping index equal to 
zero was dependent of the product and on the pressure. In fact, the first 
value of sU leading to capping-free tablets was higher for:  

- F-40Man tablets than for Comp-l ones made at a fixed compaction 
pressures (at 200 MPa, it was 0.07 mm/s for Comp-l and 1.00 mm/s 
for F-40Man). As capping is a product-dependent phenomenon, it 
was expected to obtain different capping behaviour of each formu-
lation studied.  

- Tablets made with a specific formulation at PA compared to the ones 
made at PB (e.g., for Comp-l, it was 0.25 mm/s at PA compared to 
0.07 mm/s at PB). As mentioned in section 2.1.3, the pressure PB was 
chosen to represent a more dramatic capping case compared to PA. 

Therefore, reducing sufficiently the parameter sU driving the 
unloading speed associated to the BS cycle is a solution to mitigate 
capping. Nevertheless, it is worth noting that the decreasing of sU has in 
fact two consequences. First this parameter slows down the unloading 
part of the cycle, but second, it also increases the dwell-time. Indeed, 
with the definition of the dwell-time used, the beginning of the 
unloading, until the axial pressure becomes lower than 90% of the 
maximum pressure, is in fact included in the dwell-time. Fig. 7 shows the 
influence of the parameter sU on the dwell-time tDT for the same tablets 
used on Fig. 6. 

As it can be seen in this figure, for a specific formulation at a specific 
compaction pressure, a decrease of sU led to a significant increase of tDT. 
Thus, modifying the parameter sU led to modifications of the unloading 
speed and the dwell-time. However, in the pharmaceutical field, 
increasing tDT is also said to be a solution that can lead to capping-free 
tablets. Therefore, as both effects of the unloading speed and the 
dwell-time were coupled in the experiments presented in this section, it 
was not possible to conclude, with only these results, on the impact of 
the unloading speed on capping occurrence. Therefore, in order to 
separate the effects of the unloading speed and of the dwell-time, the 
influence of the dwell-time was determined. 

3.2.2. Impact of the dwell-time on capping occurrence 
The objective of this section was not to perform a complete study of 

the impact of dwell-time on capping. It was only to assess if the effect 
previously observed on capping could be attributed to the dwell-time 
modification or to the change of the unloading speed. Fig. 8 shows an 
example of the cycles used to study the impact of the dwell-time on 
capping. 

On this figure, two conditions were presented: “Low sU” and “Long 
tDT”. For each compaction pressure studied, the tablets with the highest 
sU leading to capping-free tablets were chosen from Fig. 4 for the “Low 
sU” case. For the “Long tDT” case, tablets were manufactured with sU =

15 mm/s and an added dwell-time, chosen to at least double the dwell- 
time of the case “Low sU” to which it will be compared. Table 3 shows the 
comparison of both cycles studied in terms of capping occurrence for 

Fig. 4. Influence of the compaction pressure on the capping index of Comp-l 
and F-40Man made with the BS cycle. 

Table 2 
Compaction pressures studied in this article for Comp-l and F-40Man as well as 
capping index and compaction durations.   

Comp-l F-40Man 

Pressure 
(MPa) 

CI 
(%) 

tcomp 

(ms) 
Pressure 
(MPa) 

CI 
(%) 

tcomp 

(ms) 

PA 170 80 218 ± 1 200 80 245 ± 1 
PB 200 100 226 ± 1 250 100 255 ± 1  
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tablets made of Comp-l and F-40Man at PA and PB. 
This table shows that, in “Long tDT” cases, the tablets obtained were 

all or nearly all capped. Therefore, no significant impact of the dwell- 
time was observed on capping for those cases. Note that the elongated 
dwell-times used were far longer than what can be obtained in industry 
by modifying the punch head (only few milliseconds can be added) and 
no drastic change of the capping occurrence was observed even with 
those long and non-industrially applicable durations. These results 

suggest that only modifying the dwell-time is not a practicable solution 
at the industrial level to mitigate capping which is coherent with the 
results obtained by (Sarkar et al., 2015) who estimated that the effect of 
the compaction rate predominated on the impact of the dwell-time. 

Again, the dwell-times of “Low sU” cases were much smaller than 
those of “Long tDT” cases (Table 3), for which no impact of the dwell- 
time on capping was observed. Therefore, if there was an influence of 
the dwell-time on capping occurrence in the “Low sU” cases, it was 

Fig. 5. Comparison of the die-wall pressures (solid lines) and the axial pressure related to the lower punch (dashed lines) of capped (dark grey) and capping-free 
(light grey) tablets made at PA with a) Comp-l and b) F-40Man. The insert on each graph corresponds to a zoom of the colored area. 

Fig. 6. Influence of the parameter sU on the capping index at PA and PB for a) Comp-l and b) F-40Man.  

Fig. 7. Influence of the parameter sU of the standard cycle on the dwell-time at PA and PB for a) Comp-l and b) F-40Man.  
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clearly negligible compared to the impact of the unloading speed. These 
results confirmed the influence of the unloading speed on capping as 
already mentioned in the literature (Ritter and Sucker, 1980; Ruegger 
and Çelick, 2000). 

Even if decreasing the unloading speed makes it possible to mitigate 
capping, the manufacturing durations are very long. As a result, even if 
this solution is efficient, it won’t be implemented on industrial rotary 
presses. To decrease the manufacturing durations and understand what 
occurred during the unloading step, we chose to develop a new way of 
performing the unloading step. 

3.3. Influence of the final unloading speed on capping using the 
compaction simulator 

3.3.1. Presentation the two-step unloading cycle 
As shown previously, decreasing the unloading speed makes it 

possible to mitigate capping. However, the manufacturing durations of 
the cycles obtained were very long. The idea was to evaluate if it was 
necessary to slow down the whole unloading phase or if only slowing 
down the last part of the unloading (during which the contact between 
the punches and the tablet gets lost) was sufficient to mitigate capping. 
Based on this idea, we modified the unloading part of the BS cycle 
presented in section 2.1.1 and developed a manufacturing cycle called 
two-step unloading (2SU) that is shown in Fig. 9. 

The filling, compaction and ejection steps (respectively steps a, b and 
e in Fig. 9) were kept identical to the BS cycle. The unloading phase was 
split into two steps (steps c and d in Fig. 9) in the 2SU cycle (hence its 
name). 

In the first unloading part (step c), the punches move back to a set 
point position with a speed (driven by a parameter called sU,1 similar to 
sU in the BS cycle) and remain in that position for a set point duration. 
Note that sU,1 is related to the speed of the lower punch from the end of 

step b to point C*. The positions used were chosen so that the punches 
are still in contact with the manufactured tablet inducing a remaining 
axial pressure maintained on the tablet. Therefore, the step c corre-
sponds to a partial unloading. The set point duration between the point 
C* and the end of the step c will be called partial unloading duration tPU. 
The minimal value of the pressure during step c (Fig. 9) will be called the 
partial unloading pressure PPU. In the second and final unloading step d, 
the punches move away from the tablet with a speed driven by a 
parameter called sU,2 releasing then the axial pressure. 

Note that, if the partial unloading pressure is set as Pcomp, the 
manufacturing cycle is no longer a two-step unloading one and is similar 
to the BS cycle with an unloading speed sU = sU,2 and an extended dwell- 
time as tPU is not zero. 

Due to the compaction simulator used, it was not possible to modify 
the unloading speed from sU,1 to sU,2 without making a pause, i.e. using 
tPU = 0. The minimal value of tPU was 1 ms. Moreover, it took a certain 
time for the speed of the punches (sU,1 as well as sU,2) to reach the set 
point value. Those specifications due to the device used had to be taken 
into account in the following studies. 

As our objective was to study the impact of sU,2 on capping occur-
rence, we chose hereinafter to set the parameter sU,1 related to the 
partial unloading speed equivalent to the unloading speed of the BS 
cycle, i.e. sU,1 = 15 mm/s. Thus, the 2SU cycle is similar to the BS cycle 
until the axial pressure reaches PPU (in fact they begin to differ slightly 
before because, in the 2SU cycle, the press needs to slow down in order 
to stop the punches when the pressure is PPU). Therefore, the parameters 
of the 2SU cycle for this study were sU,2, PPU and tPU. 

The first point was to verify if it was possible to decrease capping 
occurrence by using the 2SU cycle. 

3.3.2. Proof of concept 
To check the possible use of the 2SU cycle in order to decrease 

capping occurrence, for a specific compaction pressure Pcomp, tablets 
were manufactured at different PPU with:  

- tPU set to its minimal value, i.e. 1 ms.  
- sU,2 chosen as the highest unloading speed sU used in section 2.2.1 

leading to capping-free tablets. 

Table 4 shows the influence of the cycle on capping occurrence and 
on the manufacturing durations for Comp-l and F-40Man at PA and PB. 

For each formulation at a specific compaction pressure, it was 
possible to prevent the formulations studied to cap for whatever 
unloading partial pressure PPU. This result shows that the 2SU cycle with 
sU,2 taken as a capping-free speed sU (see section 2.2.1) makes it possible 
to manufacture capping-free tablets. The final part of the unloading 
(step d on Fig. 9a) has thus a significant impact on capping occurrence 
and it does not seem to be necessary to slow down the complete 
unloading part. 

Thanks to the structure of the 2SU cycle, in the case studied in 
Table 4, for each formulation and compaction pressure, decreasing the 
partial unloading pressure PPU induced a significant decrease of the 
compaction duration. However, note that, for all the 2SU cycles studied, 

Fig. 8. Example of the cycles studied in order to study the impact of the dwell- 
time (solid lines). The dark gray line (Long tDT) corresponds to sU = 15 mm/s 
with an elongated dwell-time and the light gray line (Low sU) corresponds to a 
sU much lower than 15 mm/s. The BS cycle (dashed line) is also presented as a 
reference curve. 

Table 3 
Comparison for Comp-l and F-40Man at PA and PB between tablets made with “Low sU” and “Long tDT”.   

Characteristics of the cycles studied Capping index, CI (%) 

Case sU (mm/s) Dwell-time, tDT (ms) 

Comp-l PA Low sU  0.25 350 0 
Long tDT  15.00 1624 90 

PB Low sU  0.07 999 0 
Long tDT  15.00 2506 90 

F-40Man PA Low sU  1.00 171 0 
Long tDT  15.00 1627 100 

PB Low sU  0.15 685 0 
Long tDT  15.00 2511 100  
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the compaction durations were still way higher (at least 42%) than those 
of the BS cycles, whose tcomp were presented in Table 2. Nevertheless, the 
2SU cycle is a solution for capping mitigation which gives shorter 
compaction cycles compared to the use of the BS cycle with a low sU (as 
presented in section 2.2) as only the last part of the unloading was 
slowed down. In order to use cycles giving capping-free tablets with the 
lower compaction durations, we chose to study hereinafter the 2SU cycle 

with the lower PPU studied (the values chosen for each compaction 
pressure and formulation can be seen in Table 4). 

As explained above, it was not possible to set tPU to zero. It was thus 
not possible to change the unloading speed without maintaining a 
remaining PPU during tPU. Thus, we chose to study the influence of tPU in 
order to estimate if the capping-free conditions obtained with the 2SU 
cycle (Table 4) was due to either the decrease of sU,2 and/or the duration 

Fig. 9. 2SU cycle. a) Scheme of the manufacturing steps and b) example of the axial forces (solid lines) and the punch displacement (dotted lines) for the upper and 
lower punches (respectively dark gray and light gray curves). 

Table 4 
Impact of the 2SU cycle (different PPU, tPU = 1 ms and sU,2 taken as a capping-free condition sU in Fig. 6) on the capping index and manufacturing duration of Comp-l 
and F-40Man at PA and PB.  

Comp-l At PA with sU,2 = 0.25 mm/s At PB with sU,2 = 0.07 mm/s 

PPU (MPa) tcomp (ms) CI (%) PPU (MPa) tcomp (ms) CI (%) 

171 ± 2 1715 ± 15 0 201 ± 3 6398 ± 91 0 
143 ± 2 1434 ± 12 0 164 ± 2 5031 ± 61 0 
94 ± 2 1098 ± 12 0 104 ± 2 3596 ± 57 0 
51 ± 1 783 ± 12 0 60 ± 3 2410 ± 75 0 
15 ± 2 468 ± 17 0 13 ± 1 954 ± 57 0  

F-40Man At PA with sU,2 = 1.00 mm/s At PB with sU,2 = 0.15 mm/s 

PPU (MPa) tcomp (ms) CI (%) PPU (MPa) tcomp (ms) CI (%) 

201 ± 2 658 ± 5 0 251 ± 2 3804 ± 36 0 
159 ± 3 587 ± 6 0 238 ± 4 3365 ± 42 0 
106 ± 3 505 ± 6 0 151 ± 3 2474 ± 41 0 
60 ± 3 429 ± 6 0 76 ± 3 1571 ± 40 0 
18 ± 1 348 ± 2 0 13 ± 1 692 ± 21 0  
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tPU of the plateau on the axial force during the partial unloading. 

3.3.3. Impact of the partial unloading duration on capping 
To evaluate only the impact of the partial unloading duration, the 

2SU cycle with sU,2 set up as sU,1 (i.e. 15 mm/s) was used to manufacture 
tablets (PPU values being fixed in section 2.3.2) and only the parameter 
tPU was modified in order to obtain capping-free tablets. Table 5 shows 
the compaction durations and capping occurrence of the characterized 
tablets made of Comp-l and F-40Man at PA and PB. 

It can be seen in this table that it was possible to obtain capping-free 
tablets by increasing the partial unloading duration for each condition 
studied. Thus, the parameter tPU had an impact on capping. Besides, 
Table 5 shows that the higher the compaction pressure is, the higher the 
tPU required to mitigate capping is. This might be explained with the fact 
that, as PB led to a worst capping case, the time required by the material 
to mitigate capping is longer. 

As explained above, this experiment was performed because, in the 
results presented in section 2.3.2, the effects of tPU and su2 were coupled 
as it was not possible to set tPU to zero. Results presented in Table 5 
indicated that tPU can have an effect on capping if it takes very high 
values (at least 2 s). As in part 2.3.2, the value of tPU was 1 ms, it can be 
considered that its effect on capping was in fact negligible. Thus, this 
result showed that it was the decrease of the final unloading speed 
driven by sU,2 which made possible to mitigate capping in the experi-
ments of section 2.3.2. The moment during which the punches and the 
manufactured tablet loose contact seems to have a crucial impact on 
tablet properties and its propensity to cap. 

Thus, all the results presented above indicated that it was possible to 
mitigate capping using the 2SU cycle (by slowing the final unloading 
speed and/or increasing the partial unloading duration). Nevertheless, 
for the moment, no explanation was given for those mitigations. 
Therefore, for the last part of the results, we tried to see if we could 
understand the impact of these modifications of the unloading part on 
capping occurrence by studying their influence on the properties of the 
tablets. 

3.4. Impact of the capping-free conditions used on tablet properties 

As tablet tensile strength and residual-die wall pressures are pa-
rameters known to play an important role on capping, it was interesting 
to study the influence of the different compaction cycles developed on 
these two properties. Unfortunately, because of capping, concave tablets 
could not be used for this study, because it is not possible to assess 
correctly the tensile strength of capped tablets. We thus chose to char-
acterize those mechanical properties on flat-faced tablets at PA (which is 
a compaction pressure where capping occurred) to make this study. Of 
course, it is important to remember that the results obtained might not 
be completely transferable to the case of biconvex tablets. Anyway, they 
will give some information about the influence of the compaction cycle 
on the final tablet properties. 

Four manufacturing cycles were selected to conduct this study. Two 
2SU cycles were studied: the cycle with a low sU,2 and the minimal value 
of tPU (case a) as well as the cycle with sU,2 = sU,1 and an elongated tPU 
(case b, Table 5). We chose to compare those cycles with: the BS cycle 
with sU = 15 mm/s (Fig. 2) which will serve as a baseline and a cycle 

with a low sU which gave capping-free tablets at PA and PB (case c, Fig. 6) 
to compare what varies between slowing the whole unloading part or 
only the final part. Table 6 summarizes all the cycles studied in this 
section in order to study the impact of the 2SU cycle on tablet me-
chanical properties. 

The manufactured tablets were characterized by diametral 
compression and the residual die-wall pressure for each tablet was 
determined. 

Table 7 shows the solid fractions, tensile strengths and residual die- 
wall pressures of flat-faced tablets made at PA obtained with the four 
manufacturing cycles studied. 

Interestingly, both formulations gave different results. In the case of 
F-40Man, all the modified cycles gave a higher solid fraction, a higher 
tensile strength and a lower residual die-wall pressure than the BS cycle. 
These trends were not so clear for Comp-l. For example, case b gave no 
significant difference for all the measured parameters compared to the 
BS cycle. So even if the modified cycles can promote a change in the 
tablet structure, the modifications observed do not make it possible to 
explain the influence of the unloading conditions on capping mitigation. 

4. Discussion 

In the section above, starting from the premise that decreasing the 
unloading speed led to capping-free tablets, a two-step unloading (2SU) 
cycle was developed. After taking the partial unloading speed equal to 
BS cycle, the cycle parameters were the final unloading speed driven by 
the parameter sU,2 as well as the partial unloading duration tPU and 
pressure PPU. It resulted that, for whatever PPU, reducing the final 
unloading speed and/or increasing the tPU led to capping-free tablets. It 
can be noticed that the compaction durations in Table 4 were still far 
higher than the ones of the BS cycle (Table 2). However, as tcomp is 
directly related to the value of PPU and sU,2, lower manufacturing du-
rations can be obtained by optimizing the parameters used. It is rec-
ommended to choose PPU as low as possible (but not equal to 0 MPa) and 
sU,2 as high as possible. As in this article the objective was to present the 
cycle and provid a proof of concept of a solution to mitigate capping, we 
did not deal with this parameter optimization. However, preliminary 
results seemed to be encouraging and might be investigated in a future 
article. 

The use of the developed 2SU cycle can be considered for testing new 
formulations on development presses. Moreover, slowing only the final 
unloading speed can be of great interest as it makes it possible to obtain 
capping-free tablets without changing too much the BS cycle compared 
to other capping-free manufacturing cycles proposed in the literature 
(Funakoshi, 1975; Funakoshi et al., 1969). Thus, slight modifications of 
commercial manufacturing rotary could be considered and similar re-
sults to those presented in this study might be expected. 

Moreover, it was shown that slowing down only the final unloading 
part made it possible to mitigate capping. Therefore, the crucial moment 
for capping seemed to be the one during which the contact between the 
punches and the manufactured tablet got lost. This result was coherent 
with the fact that capping cannot occur if this contact is never lost 

Table 5 
Influence of the partial unloading duration tPU on the capping index (sU,2 = sU,1).  

Comp-l Conditions At PA with PPU = 15 MPa At PB with PPU = 13 MPa 

tPU (ms) 1667 2000 2667 3333 
CI (%) 20 0 20 0  

F-40Man Conditions At PA with PPU = 18 MPa At PB with PPU = 13 MPa 

tPU (ms) 1667 2000 4667 5000 
CI (%) 30 0 30 0  

Table 6 
Conditions of the cycles used for the study of the capping-free conditions on 
tablet properties.   

Comp-l F-40Man 

BS sU = 15 mm/s sU = 15 mm/s  

2SU cycle Case a 
(tPU = 1 ms) 

sU,2 = 0.07 mm/s, 
PPU = 15 MPa 

sU,2 = 0.15 mm/s, 
PPU = 18 MPa 

Case b 
(sU,2 = 15 mm/s) 

tPU = 2000 ms, 
PPU = 15 MPa 

tPU = 2000 ms, 
PPU = 18 MPa  

Case c (Low sU) sU = 0.07 mm/s sU = 0.15 mm/s  
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(Mazel et al., 2019). This result might give an insight on how capping 
works. As the capping occurrence (of a formulation at a given 
compaction pressure) depends on the unloading speed (Fig. 6), this 
phenomenon seemed to be related to dynamical effects related to the 
release of the contact between punches and the manufactured tablet. 
Following this idea, an amount of energy seems to be given to the tablet 
when the contact with the punches is released leading to internal 
stresses. To dissipate those stresses, some local relaxations phenomena 
might take place due to viscoelasticity or some local modifications of 
tablet microstructures with the creation of some fracture process zones 
(Grassl et al., 2012), i.e. leading to the creation of individual micro 
cracks in a region which made it possible to dissipate some energy. If the 
tablet internal stress reached a material stress limit, those micro cracks 
can merge and give rise to a macroscopic crack that can lead to tablet 
failure. This hypothesis needs to be further explored in future studies by 
studying the local impact of the manufacturing cycle on tablet micro-
structures and by evaluating the impact of the dynamical effects on their 
properties. 

5. Conclusion 

In this study, different kinds of capping-free conditions obtained by 
modifying tablet unloading were studied in order to understand capping 
occurrence. Two formulations were studied on a range of compaction 
pressure between 50 and 300 MPa which presented capping defects for 
pressures higher than 100 MPa. 

The use of a strain gauge on the die wall made it possible to detect 
capping in-die as there was a drop of the die wall pressure for capped 
tablets. For the formulations studied, capping was shown to occur just 
after the unloading (at most 20 ms). To the author knowledge, it was the 
first time that the precise moment where capping occurred was 
determined. 

A new manufacturing cycle was developed with two (partial and 
final) unloading steps and it was shown that capping-free tablets could 
be obtained with this cycle by lowering the speed on the part during 
which the contact between the punches and the tablet got lost and/or 
increasing the partial unloading duration. By taking the partial 
unloading pressure and duration as low as possible and the final 
unloading speed as high as possible, it was possible to reduce the 
compaction durations compared to the solution for mitigating capping 
by slowing the whole unloading part. Optimization of the parameters 
might result in compaction cycle durations that could be compatible 
with the ones used on industrial rotary presses. This could lead to a 
reflection on new developments on rotary presses to avoid capping. 

The study of the developed cycle showed that capping occurrence 
was directly linked to the moment during which the contact between the 
punches and the manufactured tablet got lost. This observation seemed 
to indicate that capping might be related to dynamical effects. This study 
challenges the conceptualization of how capping works and paves the 
way towards the study of how tablet microstructures are impacted 
locally by the manufacturing cycle and the study of dynamical effects on 
tablets. 
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