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General introduction

Drug products do not consist solely of active pharmaceutical ingredient (API). It is only
when the API is combined with excipients that are compatible and have the appropriate function,
and with the appropriate manufacturing processes and controls, that it becomes a dosage form
that can be administered to the patient. There are two forms of administration of drug products,
oral and parenteral administration. In particular, oral administration is the most widely used and
has many advantages, including simplicity of administration, no significant burden on the
patient and applicability to API with various physical properties. 1> Therefore, approximately
80% of drug products currently on the market and more than the majority of drug products
approved in Japan, the USA and Europe in recent years are oral solid formulations such as
tablets and capsules.’ Tablets are manufactured through several processes, including the API
milling process to reduce variation in API particle size and adjust particle size, the granulation
process to improve the fluidity of the particles for improved handling and compressibility,*”
the mixing process to homogenise the API and excipients, the compression process to compress
the powder into tablets®” and the film coating process to coat the tablets to ensure identification
and API stability.!” Many factors such as API properties, types of excipient types and amounts,
dosage forms, manufacturing methods and conditions can affect formulation quality, and it is
important in formulation development to understand the impact on formulation quality while
designing drug products.

In recent years, the “quality by design (QbD)” concept was proposed in the International
Conference on Harmonization (ICH) Q8 guidance.!!"!* This guidance recommends establishing
a science-based rationale, and the drug product formulation development process should ensure
the predefined quality by understanding how these factors have affected the quality of the drug
product. But in reality, the developed compounds in the research & development phase are very
expensive, and the amount of API that can be used for formulation studies is limited, so it is

difficult to fully verify the potential factors that affect drug product quality.
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Over the past few years, many simulation methods have been developed to understand the
important factors affecting drug product quality, such as modeling the mechanical behavior of

1415 and drug dissolution,'®!” and fluidized

pharmaceutical powders during compaction process
bed granulation processes.'®?° For example, a research case study has been reported in which
simulation was applied to the tableting process to estimate the stress distribution and density
distribution inside tablets and to investigate the cause of tableting failure.?!?? There are also
reports of studies on the simulation of swelling and drug release characteristics of hydrophilic
polymer-type sustained drug release tablets with different tablet shapes and drug ratios in
tablets.?>> However, the model formulation and shape which lack practicality are used, and
there is a large deviation from the actual formulation.?!?® Although these studies contain
important findings that contribute to formulation quality assurance, they are not directly
applicable to actual formulation development.

Podczeck et al. performed FEM simulations of the breaking strength of scored tablet,
assuming elastic and elastoplastic models for the tablet components.?” Although there was little
difference between the elastic and elastoplastic models for breaking strength, the direction of
the scored line had a significant effect, indicating that the strength could be significantly
reduced when the direction of the scored line was more than 45° to the compression axis. The
results of Podczeck et al. are questionable, as the area of the fracture surface is smaller when
the angle of the split line with respect to the compression axis is 0°.

Therefore, the purpose of this study is to establish that the finite element method (FEM), a
form of computer-aided engineering (CAE) simulation, is a useful tool for understanding
important factors in formulation development. Tablets are sometimes split in two to adjust the
dosage, depending on the API volume and individual patient variability. Therefore, scored
tablets that allow tablets to be easily split are desired. Although there are some tablets that are
scored line for identification purposes and cannot be split for use, scored line are generally
applied with the intention of dividing the tablet.”®* However, the relationship between the

shape of score and ease of division, uniformity, breaking strength and formulation remains



unclear. In this study to overcome those problems, the effects of the scored shape on the
dividing strength and breaking strength of scored tablets were investigated in detail using FEM.
Furthermore, the validity of the FEM simulation was experimentally verified by preparing
model tablets and measuring their dividing strength and breaking strength.

In chapter 1, the aim of this study was to clarify the effect of score shapes on the essential
characteristics of tablets by using FEM simulation. I only focused on the depth and angle of
scores in this study as the starting point for the potential use of FEM simulation for the design
of scored tablets. In chapter 2, the purpose of this study was to explore differences in stress
distribution between these design variables using FEM. I also aimed to determine any
relationships between FEM results and tablet hardness using response surface method

incorporating thin-plate spline interpolation (RSM-S).



Chapter 1

Mechanical Stress Simulation of Scored Tablets Based on the Finite
Element Method and Experimental Verification



1. Introduction

Tablets are the most common solid dosage forms compared to other forms such as powders,
granules, and capsules. For the individual treatment of patients, tablets are often divided, and
thus, well-designed scored tablets are required for clinical use. van Santen et al.>! reviewed the
advantages, limitations, and performance indicators of the score line on tablets; they reported
that for many patients, scored tablets are broken unequally and with difficulty, reducing the

compliance and reliance on drug therapy. However, Rodenhuis et al.*?

surveyed the use of
scored tablets as a dosage form and found that scored tablets play an important role in patient
treatment. Even when lower-dose tablets are available, patients continue to subdivide tablets
for ease of swallowing and adapting the dose. The score shapes may have a large influence on
the essential characteristics of tablets, such as the dividing strength, halving equality, and
breaking strength. Score shapes are typically determined empirically, but they have not always

been reasonably designed. Sovény et al. >

reported that the halving property of scored tablets is
affected by tableting machines. Podeczeck et al.?’ simulated the influence of the breaking line
position of scored tablets on tensile failure by using a FEM. They demonstrated that the position
of the breaking line significantly affected the breaking strength of scored tablets. Although
numerous FEM simulation studies evaluating the powder compaction and mechanical strength

of tablets have been reported,***

very little is known regarding the mechanical adequacy of
score shapes involving dividing strength, halving equality, and breaking strength. The aim of
this study was to clarify the effect of score shapes on the essential characteristics of tablets by
using FEM simulation. A runnel of triangle pole on the top surface of flat tablets was fabricated
as the score shape. The depth and angle of scores were changed as design variables. Other
factors such as the tablet shape, thickness, and density may affect the dividing strength, halving
equality, and breaking strength. However, I only focused on the depth and angle of scores in
this study as the starting point for the potential use of FEM simulation for the design of scored
tablets. Stress distributions on the tablet surfaces were simulated after applying an external

force. The bending force and diametrical compression were applied to the various types of

scored tablets. The adequacy of FEM simulation was evaluated using scored tablets composed
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of lactose (LAC) and cornstarch (CS) as diluents, microcrystalline cellulose (MCC) as a binder,

and low-substituted hydroxypropyl cellulose (L-HPC) as a disintegrant.



2. Materials and methods

2.1. Materials

Lactose (LAC; Tablettose 80) was purchased from Meggle Japan Co., Ltd. (Tokyo, Japan).
Cornstarch (CS; Graflow M) was purchased from Nippon Starch Chemical Co., Ltd. (Osaka,
Japan). Microcrystalline cellulose (MCC; Ceolus PH-101) was purchased from Asahi Kasei
Chemicals Co., Ltd. (Tokyo, Japan). Low-substituted hydroxypropyl cellulose (L-HPC; LH-
21) was a gift from Shin-etsu Chemical Co., Ltd. (Tokyo, Japan). Magnesium stearate (Mg-St)

was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2. Preparation of Scored Tablets

Figure 1 shows a schematic representation of the model scored tablets. Twelve types of
scores were fabricated on flat-faced tablets by changing the depth (4#=0.50, 0.75, 1.00, 1.50
mm) and angle (6=45, 60, 75°). All ingredients listed in Table 1 were dried at 75°C for 24 h
and sieved through a 60-mesh screen. The sieved ingredients were weighed and mixed in a
polyethylene bag for 2 min, except Mg-St, which was used as a lubricant. Finally, Mg-St was
added into the powder mixture and blended for 1 min. Next, 200 mg of the mixed powder was
compressed at 4 kN into flatfaced scored tablets, 8 mm in diameter, using a hydraulic press

(Model PCH-20, NPa System Co., Ltd., Saitama, Japan).

=
é
ca. 3 mm

A
v

8 mm

Fig. 1. Geometry of Scored Tablets

Tablets were composed of the powder mixture listed in Table 1. The tablet diameter
was 8 mm and the total height was approximately 3 mm. The score depths were 0.50,
0.75, 1.00, and 1.50 mm. The score angles were 40, 60, and 75°.



Table 1. Formulation of Model Scored Tablet

Excipient Quantity/tablet (mg) Ratio (%)
Lactose (LAC) 40.8 20.40
Corn starch (CS) 33.5 16.75
Microcrystalline cellulose (MCC) 118.4 59.20
Low-substituted hydroxypropyl cellulose (L-HPC) 6.3 3.15
Magnesium stearate (Mg-St) 1.0 0.50
Total 200.0 100.00

2.3. Determination of Elastic Parameters

Young’s modulus(£) and Poisson rate (v) were measured as elastic parameters of the tablets.
The methods have been fully described in previous reports.?!*¢47 Briefly, these parameters were
estimated using an instrumented hydraulic press (TK-TB20KN; Tokushu Keisoku Co., Ltd.,
Yokohama, Japan). The axial upper/lower punch forces and displacements, as well as the radial
die-wall pressure, were measured during compaction. Compression and decompression speeds
were set at 1 mm/s 350 mg of sample powder was used. The relative packing density at 2 MPa
was measured according to the volume of the gap between the upper and lower punches to
calculate the initial density of the powder bed. £ and v values were determined according to the

following equations:

9GK

E=3k13 W
_ 3K-26 .
VEoBK+0) 2

where K is the bulk modulus and G is the shear modulus. K and G values were estimated from

a stress—strain curve obtained during compression and decompression testing.

2.4. FEM Simulation

In the initial stage of loading the external force onto the tablet, I hypothesized that the tablet
represented a continuum elastic model. FEM was applied to estimate the principal stresses
generated at the top and lateral surfaces, and along scored lines. To avoid generating a singular

point, the shape of the score tip was set to be a fillet surface. The stress distribution was
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simulated after application of external forces such as bending stress and diametrical
compression. The application methods of these external stresses to the scored tablet are
illustrated in Figs. 2 and 3. In order to mimic tablet division by hand during the bending
simulation, part of the unscored bottom surface of the tablets was fixed at the rigid center line
of 0.2 mm wide and 8 mm long (shown as dark gray line), and both ends of the top surface
(shown as a dark gray area) were pressurized in the vertical direction at 100 N (Fig. 2). For
diametrical compression, the scored tablet was compressed onto a rigid wall by moving the
other side horizontally at 100 N (Fig. 3). Stress distributions on the top surface and lateral side

contacting the moving wall were estimated by FEM simulation.

Top surface Back surface

) Fixed rigid line
‘ Applied force (100 N) 0.2 x 8 mm
Fig. 2. Method for Applying Bending Force to Scored Tablets

The unscored side of the tablet was fixed by a rigid line that was 0.2 mm wide and 8
mm long. A stress of 100 N was applied to both ends (shown as dark gray area) in the
vertical direction.

Moving rigid wall (100 N) Fixed rigid wall
Fig. 3. Method for Applying Diametrical Compression to Scored Tablets

The right rigid wall was fixed and faced to the lateral side of tablet. The tablet was
compressed by moving the left rigid wall horizontally at 100 N.



2.5. Determination of Tablet Characteristics

As important characteristics of scored tablets, the dividing strength, halving equality, and
breaking strength were determined. Figure 4 shows the apparatus for testing the dividing
strength. A stainless steel probe with a triangle pole blade (a blade angle of 45° and length of 8
mm) was driven in the vertical direction until the tablets began subdividing. The score line of
the tablet was mounted parallel to the direction of the blade length. The maximum force was
determined as the dividing strength. The halving equality was gravimetrically evaluated by
using the difference factor (Fp), defined as:

Fp (%) =W, —Wg| /(W4 + Wg) X 100 3)

where W4 and Wp are weights of each halves of the subdivided tablets, respectively.
Theoretically, the Fp value was expressed as a value 0—-100%; a smaller Fp value indicates a
greater halving equality. The breaking strength of scored tablets was determined using a
portable hardness tester (PC-30; Okada Seiko Co., Ltd., Tokyo, Japan). The tablet was mounted
on the hardness tester ensuring that the scored line was placed orthogonally to the direction of

diametrical compression.

Stainless prove

Scored tablet
Score part

/

Force

Wy

| — ]
I R SR ——

Horizontal trestle

Fig. 4. Experimental Setup for Measuring Dividing Strength of Scored Tablets

The scored tablet was fixed on the horizontal trestle such that the scored area faces
down. A stainless steel probe with a triangle pole blade (45° blade angle and 8§ mm
blade length) was driven into the tablet until the tablet began breaking. W, and W3
are the weights of each of the halved tablets. Point b and point ¢ move horizontally to
the left and the right, respectively, after increasing the blade force. Substantial tensile
stress is generated around point a with a change of tablet shape.
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2.6. Computer Programs

FEM analysis of the tablet properties was performed using ANSYS® version 14.5 (ANSYS
Inc., Canonsburg, PA, U.S.A.). Two-way factorial ANOVA and regression analysis were

performed using JIMP® version 8 (SAS Institute Inc., Cary, NC, U.S.A.).

11



3. Results and Discussion

3.1. Simulation of Maximum Principal Stress

FEM simulation, the scored tablet was represented as a continuum elastic model. From a
stress—strain curve determined using the test formulation listed in Table 1, elastic parameters,
E=2.35+0.07 GPa and v=0.08+0.01 as the mean + standard deviation (S.D.) for three
determinations, were estimated, and were used as parameters in the FEM simulation. The
principal stresses were given as the stress tensor elements when the shear stress components
became zero and were represented as maximum (o;), intermediate (c2), and minimum (c3)
principal stresses. In this study, I employed the o; value as a representative of the stress
generated after applying the external force to the tablets. When the o; value was positive, the

tensile force was working at the relevant site of the tablets and vice versa.

3.2. Effect of Bending Force

Figure 5 shows the o; value distribution on the top surface of the scored tablets after applying
the bending force. Strong tensile stress was generated along the score line, and the stress
increased with increasing score depth. An exceptionally large o; value (ca. 145 MPa in Fig. 5)
may be brought about by the force generated at extremely narrow area of the score tip,
suggesting that the value observed with FEM simulation cannot be compared directly to the
experimental results. Although the shape of score tip was set to be a fillet surface to avoid
generating a singular point, the edge of V-shape notches often causes the stress concentration.
Nevertheless, FEM simulation can be effectively utilized to predict experimental data on the
basis of regression analysis (as I discuss later in Fig. 9). The effect of score angles on the o/
value was minimal. Very weak tension was generated on the other site of the top surface apart
from the score line when the score was shallow (0.50-0.75 mm).

Figure 6 shows the o; value distribution on the lateral surface. A tendency similar to that on
the top surface was observed on the lateral surface. Strong tensile stress was generated
immediately beneath the end of the score and became clear when the score was sufficiently

deep (ca. 1.50 mm). Weak tensile force was observed around the end of the scores and the
12



tensile area spread depending on score depth. These results indicate that score depth is more

important than score angle for the ease of subdivision and halving equality of scored tablets.
/h=0.50 mm h=0.75 mm h=1.00 mm h=1.50 mm

—43 I W 1450

Maximum principal stress (MPa)

0=45°

6-60°

0=75°

Fig. 5. The Maximum Principal Stress Distribution on the Top Surface of Scored
Tablets after Applying the Bending Force
h: score depth; 6: score angle.

F=0.50 mm Hh=0.75 mm A=1.00 mm =1.50 mm

0=60°
~- ==
6=75°

—4.3 T 145.0

Maximum principal stress (MPa)

Fig. 6. The Maximum Principal Stress Distribution on the Lateral Surface of Scored
Tablets after Applying the Bending Force
h: score depth; 6: score angle; (A): enlarged view of the scored region at #=1.50 mm.
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3.3. Effect of Diametrical Compression

Figure 7 shows the og; value distribution on the top surface of scored tablets after the
application of diametrical compression. Weak compression stress was observed in the limited
area on the contact surface of the tablet to the rigid wall. A wide range of tensile stresses was
generated on the surface in the direction of the diametrical compression axis. The area became
wider as a function of score depth, but the effect of score angle was minimal. It is likely that
the dominant component on the wide range of the o; values is tensile strength, which works
from the center to the orthogonal direction to the compression axis. Figure 8 shows the ¢; value
distribution on the lateral surface faces to the rigid moving wall. Interestingly, strong tensile
stress was distributed on the center bottom as a bimodal shape, and the area was enhanced with
increasing score depth. This suggests that the upper center region is compressed more easily
compared with the bottom because of the existence of scores, which may lead to the generation
of tensile stress on the bottom of the tablet. The sphenoidal shapes of the compressed area may
reflect the bimodal shapes of tensile stress generated on the bottom area. This suggests that the

tablet became more breakable with increasing score depth.

F=0.50 mm h=0.75 mm h=1.00 mm h=1.50 mm

f=45° ' ' ' '
6=60° ' ' ' '
o ' ' ' '

-7 T . 2
Maximum principal stress (MPa)

Fig. 7. The Maximum Principal Stress Distribution on the Top Surface of Scored
Tablets after Applying the Diametrical Direction Force
h: score depth; 0: score angle.
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h=0.50 mm h=0.75 mm h=1.00 mm h=1.50 mm

-7 I 23
Maximum principal stress (MPa)
Fig. 8. The Maximum Principal Stress Distribution on the Lateral Surface of Scored
Tablets after Applying Diametrical Direction Force
h: score depth; 6: score angle. Maps show the lateral sides faced to the moving rigid
wall.
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3.4. Experimental Verification

As a preliminary study, an apparatus mimicking the method shown in Fig. 2 was prepared
and used to measure the dividing strength of scored tablet. However, the reproducibility of the
experimental result was quite poor. This is because the shape of the tablet is appreciably
distorted right before the onset of breakage during the increased bending stress, and the
apparatus fails to work on the tablet shape. On the other hand, a reasonable reproducibility of
the dividing strength was observed by using the apparatus shown in Fig. 4. It is likely that strong
tensile strength generates around the score tip with increasing blade force, and the method
substantially reflects the results obtained with FEM simulation. Experimental values such as
the dividing strength, halving equality (defined as Fp values), and breaking strength (hardness)
are summarized in Table 2. These values were strongly dependent on the score depth and
decreased with increasing depth of the score shape. In contrast, the score angle had only a
minimal effect on the mechanical values. When the score shape was shallow (0.50—0.75 mm),
the Fp value was extremely large and was no longer effective as a dividing line. In general, less
than 1% of the Fp value is acceptable for the clinical use of subdividing tablets, in which the
therapeutic dose of a drug must be strictly controlled.>"* A rather deep score (ca. 1.50 mm)
was required to ensure good halving equality. However, this may lead to mechanically weak
tablets, as summarized in Table 2. The dividing ease and halving equality are features opposed
to the mechanical strength of the tablet. The two-way ANOVA results for the dividing strength,
halving equality, and hardness are summarized in Tables 3-5, respectively. Both dividing
strength and halving equality were significantly affected by the score depth (/) and angle () as
well as by their interaction, although the effect of score depth on these mechanical
characteristics was predominant, as observed in the F, values (Tables 3, 4). The hardness was
significantly affected by the score depth only (Table 5). Figure 9 shows relationship of
experimental values of dividing strength, halving equality and hardness to the maximum
principal stress around the score line after applying bending force or diametrical direction force.
Increasing the g; value resulted in the improvement of dividing ease and halving equality. But

the tablet hardness weakened with increasing the o; value. Since the FEM simulation results
16



were well-correlated to the experimental results, this technique can be applied to evaluate the

score shape of tablets in silico without the need for costly experiments.

Table 2. Dividing Strength, Halving Equality and Hardness in Scored Tablets

Depth, 7 Angle, 6 Dividing strength Halving equality Hardness
(mm) ©) M) Fp value (%) ™)
0.50 45 79.05+1.13 57.94+0.67 33.33+1.53
0.75 45 71.21+1.13 53.83+0.66 28.00+1.00
1.00 45 63.37+£2.04 3.04+0.86 25.67+1.53
1.50 45 32.99+1.50 0.66+0.04 24.00+1.00
0.50 60 70.23+£2.04 55.85+0.33 32.33+0.58
0.75 60 65.66+0.98 9.69+0.34 27.334+0.58
1.00 60 61.09+1.50 2.64+0.17 25.33+1.53
1.50 60 26.79+2.26 0.35+0.33 23.67+1.15
0.50 75 60.76+1.96 53.27+0.69 31.67+0.58
0.75 75 55.53+1.13 7.68+1.55 28.33+0.58
1.00 75 51.29+1.50 3.67+0.80 26.67+1.15
1.50 75 22.87+1.13 0.83+0.33 21.33+£2.08

Each datum represents the mean+S.D. for three determinations.

Table 3. Two-way ANOVA for Dividing Strength of Scored Tablets

Factor Degrees of freedom MS? Fo”
Depth, & 3 3225.90 1286.39 <0.0001
Angle, 6 2 598.76 238.77 <0.0001
hx6 6 14.62 5.83 <0.0007
Error 24 2.51

a) Mean square, b) Observed F value, c¢) Risk rate.

Table 4. Two-way ANOVA for Halving Equality of Scored Tablets

Factor Degrees of freedom MS? Fo”
Depth, & 3 5838.20 12501.50 <0.0001
Angle, 6 2 589.75 1262.84 <0.0001
hx6 6 11.21 1048.60 <0.0001
Error 24 0.47

a) Mean square, b) Observed F value, c¢) Risk rate.

17



Table 5. Two-way ANOVA for Hardness of Scored Tablets

Factor Degrees of freedom MS¥ Fo” p?
Depth, & 3 141.88 98.22 <0.0001
Angle, 6 2 1.86 1.29 0.2941

hx0 6 2.94 2.03 0.1005

Error 24 1.44

Dividing strength (N)

a) Mean square, b) Observed F value, ¢) Risk rate.

(A) (B) ©
90 ~ 100.0 ~ 40 -
8 o0 e
' .. ',-, —0.863 S r=—0.898 35 - ® r=-=0.794
60 8 2,100 ) ~ S
. . . E ' é 30 A '
El ; ® 2 °
54 @ 2 ™
=] B 25 '. @
30 ! £ 1.0 @ 8 ® 8
e c 88 20 -
= ]
@
0 . . . . 0.1 . . —e 15 . . .
50 75 100 125 150 50 75 100 125 150 18 20 22 24
Maximum o, value (MPa) Maximum o, value (MPa) Maximum o, value (MPa)

Fig. 9. Relationship of Experimental Values of (A) Dividing Strength, (B) Halving
Equality and (C) Hardness to the Maximum Principal Stress
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4. Conclusion

FEM simulation was used to investigate the mechanical stress on the top and lateral surfaces
of scored tablets after application of external forces. When a bending force was applied, strong
tensile stress was generated along the score line, which increased with increasing score depth.
A wide range of tensile stresses was generated on the top and lateral surfaces of scored tablets
after applying diametrical compression. The area became wider as a function of score depth. A
reasonable relationship between FEM simulation and experimental results was observed,
suggesting that FEM simulation is advantageous for designing scored tablets. Further
investigation will be needed for the quantitative prediction of pharmaceutical characteristics of
scored tablets based on FEM simulation. In addition to the depth and angle of scores, other
factors such as the tablet shape, thickness, and density should be taken into consideration in
order to understand the details affecting the relationship between FEM simulation and
experimental results. Nevertheless, FEM simulation is useful for improving the understanding

of the pharmaceutical characteristics of scored tablets.
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Chapter 2

Strength Simulation of Scored Tablets Based on the Finite Element Method
Using an Extreme Vertices Design
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1. Introduction

There is a growing expectation that the FEM can be effective in pharmaceutical design.*>’
FEM is a numerical technique for solving complicated systems that is well known to scientists
and engineers. By applying FEM, I can understand the physical behaviors of a complex object

14,15,47,50

and predict the performance of a design such as the tableting process and strength

simulation.?>1->2

The RSM is used to model the relationships between design variables and pharmaceutical
responses.”>>* The RSM-S has been developed to determine the acceptable formulations of
pharmaceutical compounds.>®> The RSM-S approach enables us to understand better the causal
relationships in pharmaceutical design and to estimate a robust optimal formulation and process
parameter.>®>8

Tablets should be sufficiently strong to hold together during postcompaction operations,
packaging, storage, and use. To evaluate whether tablets have sufficient strength, their hardness
1s measured by diametral compression during pharmaceutical development. In this test, the
tablet is enclosed from both sides, and load is applied gradually. Then, tablets are crushed along
their central lines. The maximum crush force is considered to be the tablet hardness. When
tablets have a breaking line, large differences in stress distributions are observed, depending on
the position of the line during hardness testing.?’ This consideration is important for quality
control, because the position of the breaking line could lead to large increases in the variations
of tablet hardness. However, the relationship between FEM results and tablet hardness has not
been sufficiently validated in the past. Moreover, the influence of tablet formulation and the
shape of the breaking line on stress distributions during hardness testing has not been
determined. Therefore, the purpose of this study was to explore differences in stress distribution
between these design variables using FEM. I also aimed to determine any relationships between
FEM results and tablet hardness using RSM-S. To achieve this, I prepared 10 types of tablets
by a wet granulation compression method according to the extreme vertices design and

measured the elastic parameters of each type of granule. Subsequently, I simulated the

mechanical strain distribution of tablets using FEM. The depths and angles of the score were
21



changed as design variables. Then, RSM-S was applied to reveal any causal relationships
between design variables and strain in each tablet simulated by FEM. Finally, the relationship

between strain and tablet hardness was evaluated.
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2. Experimental

2.1. Materials

Lactose (LAC; Tablettose 80) was purchased from Meggle Japan Co., Ltd. (Tokyo, Japan),
cornstarch (CS; Graflow M) from Nippon Starch Chemical Co., Ltd. (Osaka, Japan), and
microcrystalline cellulose (MCC; Ceolus PH-101) from Asahi Kasei Chemicals Co., Ltd.
(Tokyo, Japan). Low-substituted hydroxypropyl cellulose (L-HPC; LH-21) was a gift from
Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Polyvinylpyrrolidone K90 (PVP K90) was a gift
from Nippon Shokubai Co., Ltd. (Osaka, Japan). Magnesium stearate (Mg— St) was purchased

from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2. Preparation of Granules and Scored Tablets

I accurately weighed a total quantity of 189 g of LAC, CS, and MCC, 4 g of PVP K90 as a
binder, and 6 g of L-HPC as a disintegrant, and blended all excipients, with the exception of
Mg-St, using a mixer (KM4005, De Longhi, Treviso, Italy) for 1 min. Purified water equivalent
to 30% of the powder mixture by weight was added as the granulation liquid, and the mixture
was blended using the same mixer (impeller speed, 470 rpm; blending time, 5 min). After the
granulation process, the granules were sieved through a 5.8-mm mesh and dried at 75°C for 60
min. The granules were then separated using a series of sieves of 250—710 um pore size. Mg—
St (0.5% of the granule weight) was added, and the mixture was blended using a V-type mixer
(S-3, Tsutsui Scientific Instruments Co., Ltd., Tokyo, Japan) for 2 min. Next, 200 mg of the
final blend was compressed at 4 kN into flat-faced scored tablets, 8 mm in diameter, using a
hydraulic press (Model PCH-20, NPa System Co., Ltd., Warabi, Saitama, Japan). Twelve types
of scores were fabricated on the flat-faced tablets by changing the depth (4=0.50, 0.75, 1.00,

and 1.50 mm) and the angle (6=45°, 60°, and 75°).
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2.3. Experimental design
Varying amounts of MCC (X7), CS (X2), and LAC (X3) in each tablet were selected as

formulation factors (Table 6). The lower and upper limits of the levels of each factor were set

as follows.
57 < X1 <132 (mg) 4)
0 < X> < 132 (mg) ()
0 < X3 < 132 (mg) (6)
X1+ X2 + X3 = 189(mg). (7)

Therefore, the feasible experimental region in the simplex lattice design had a trapezoidal
shape. The formulation factors were assigned and prepared according to an extreme vertices
design, including a duplicate of the centroid.>

Table 6. Quantities of MCC, CS, and LAC for tablets based on an extreme vertices design.

Formulation MCC (X (mg)) CS (X2 (mg)) LAC (X3 (mg))

1 132.09 56.61 0

2 132.09 0 56.61
3 56.61 132.09 0

4 56.61 0 132.09
5 132.09 28.31 28.31
6 94.35 94.35 0

7 56.61 66.05 66.05
8 94.35 0 94.35
9 94.35 47.18 47.18
10 94.35 47.18 47.18
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2.4. Determination of Elastic Parameters

Young’s modulus (£) and Poisson rate (v) were determined from the unloading curve of a
die compaction experiment. The axial upper/lower punch forces and displacements and the
radial die-wall pressure were measured during compaction using an instrumented hydraulic
press (TK-TB20KN, Tokushu Keisoku Co., Ltd., Yokohama, Japan). The E and v values were
calculated based on the variation of axial stress with volume strain (¢z) and the stress path during
the compaction of granules. The stress path is shown by a scatter plot in which the x and y-axes

show the equivalent hydrostatic pressure stress (p) and the square root of the second invariant

of the deviatoric stress (4/J';) plane, respectively. The ¢z value was defined as a ratio of the

powder height during compaction (Z) to Zy: ez=|In(Z/Z°)|.*® The bulk modulus K and shear

modulus G were defined as:

4 m __ h
P (ol —ob) ©)

37 (e —eb)
26 T ©

where the superscripts m and h denote the values at points when the compression pressure

indicates the maximum value and +/J'; is 0, respectively. Knowing the K and G values, the E

and v values can be determined from the following.

E = 6K (10)
T 3K+G
_ 3K-26
V= 26K+ 6) 1)

Excellent descriptions of measuring £ and v have been published.?!*’

2.5. FEM Simulation
In the initial stage of loading the external force to the tablet, I hypothesized that the tablet

could be represented as a continuum in an elastic model. Although the elastic parameter is
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varied as a function of tablet density,'* it was considered as a constant value in this study. This
continuum elastic model has been used widely in the simulation of diametral compression, and
the results obtained are reasonable.?”®* The FEM was applied to estimate the principal stresses
generated at the top and lateral surfaces and along the scored lines of the tablets. To avoid
generating a singular point, the shape of the score tip was set to be a fillet surface. Strain
distribution was simulated after the application of external forces such as a bending stress and
diametral compression. The methods for application of these external stresses to the scored
tablet are illustrated schematically in Fig. 10. The scored tablet was compressed against a rigid
wall by moving the other side horizontally at 100 N, and the angles of the scored line to the
diametral compression axis were set at 0°, 45°, or 90°. Strain distributions on the top surface

were estimated using the FEM simulation.

Score line

Method of FEM
simulation

Moving rigid wall  Fixed rigid wall Moving rigid wall  Fixed rigid wall Moving rigid wall  Fixed rigid wall
(100 N) (100 N) (100 N)

Score depth, &

0.50 1.50 0.50 1.50 0.50 1.50
(mm)

Result of FEM
simulation

Experimental
results

Fig. 10. Method for Applying the Diametral Compression to Scored Tablets and
Change of Distribution of Maximum Principal Strain Brought about by the Direction
of the Score Line

The right rigid wall was fixed and faced the side of the tablet. The tablet was
compressed by moving the left rigid wall horizontally at 100 N, and the angle of the
scored line to the diametral compression axis was set at 0°, 45°, or 90°. The score
angle was set at 45° in this figure.
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2.6. Determination of Tablet Characteristics

The breaking strength of scored tablets and tablet hardness were determined using a portable
hardness checker (PC-30, Okada Seiko Co., Ltd., Tokyo, Japan). The tablet was mounted on
the checker, and the angles of the scored line to the diametral compression axis were set at 0°,

45°, or 90°.

2.7. Computer programs
The FEM analysis of the tablet property was performed using ANSYS® version 16.0
(ANSYS Inc., Canonsburg, PA, U.S.A.). The RSM-S was applied to generate response surfaces

and was performed using data NESIA® version 3.2 (Azbil Corporation, Fujisawa, Japan).
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3. Results and Discussion

3.1. Simulation of Diametral Compression

To perform FEM simulation, the scored tablet was represented as a continuum elastic model.
The Young’s modulus (E£) and Poisson rate (v) of the test formulations were calculated from
the stress—strain curve during the tableting process. These parameters, summarized in Table 7,
were fed into a computer for the FEM simulation. The principal strains are defined as the strain
tensor elements when the three-dimensional strain coordinate is rotated so that the shear strain
components become zero. They are represented as maximum (g;), intermediate (g2), and
minimum (e3) principal strains. In this study, I employed the ¢; value as representative of the
strain generated after applying an external force to the tablets. Generally, when elastic model
is applied, strains are correlated with external force and tablet does not break in FEM analysis.
In the preliminary test, it was confirmed that when an external force was set at lower than 100
N, similar tendency was obtained although absolute values varied by an external force.

Typical examples of the distribution of ¢; values estimated by the breaking strength
simulation are shown in Fig. 10. When the angle of the scored line to the breaking force was
set at 90°, the horizontal strain increased. Turning the angle of the scored line to 45° resulted
in an g; value being generated along the scored line. As the score depth increased, this tendency
increased. It is likely that the potential strain generated along the scored line is closely related
to the breaking strength of the tablets. When the angle of the scored line was changed to 0°, a
very strong ¢; value appeared only on the scored line. Similar phenomena were seen regardless
of differences in the score depth, although the absolute value of the strain on the scored line
increased with increasing score depth. The strain decreased markedly when the angles of the
scored line to the diametral compression axis were changed to 45° and 90°. These findings

coincided fairly well with the results reported by Podczeck et al.?”!

who suggested that
considerable differences in stress distribution appeared depending on the angle of the scored
line to the diametral compression axis. The stress values at failure were predicted to be similar

for tablets tested at an angle of 45° or above, whereas at lower test angles, the predicted breaking
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loads were up to three times greater. Comparisons of FEM simulations with actual experiments
are described in the next section.

To visualize the relationships between the &; values and various factors, the response
surfaces for the ¢; values were estimated by RSM-S. Figures 11a and 11b show the ¢; values of
Rp. 1 modeled as a function of the angle of the scored line to the compression axis, the score
angle, and the score depth. The response surface showed that the ¢; value was strongly
dependent on the angle of the score line to the compression axis and deceased as the angle
increased from 0° to 45° to 90°. The ¢; value was also affected by the score angle (Fig. 11a)
and the score depth (Fig. 11b). The &; value increased with increasing score angle and score
depth.

Figure 12 shows the response surface on which the &; was modeled as a function of
formulation factors when the angle of the scored line to the compression axis, the score angle,
and the score depth were set at 45°, 60°, and 0.75 mm, respectively. The maximum ¢g; value
was obtained with Rp. 3, which contained a large amount of CS, in all scored line positions. In
contrast, the &; value of Rp. 2, which contained a large amount of MCC, was minimal. It is
considered that the strain in Rp. 3 was the highest because it had the smallest value for the
Young’s modulus. Although Figs. 11 and 12 show typical examples, similar results were

obtained from the other formulations and conditions.
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Table 7. Elastic Modules of All Formulations

Formulation Young’s modules (GPa) Poisson rate
1 2.95+ 0.06 0.1624+ 0.0019
2 4.13+0.06 0.1492+ 0.0010
3 2.03+0.00 0.1454+ 0.0001
4 3.48+0.05 0.1621+0.0152
5 3.43+0.04 0.1679+ 0.0197
6 2.56+0.03 0.1605+ 0.0019
7 2.73+0.08 0.1354+ 0.0050
8 3.81+0.09 0.1807+ 0.0246
9 2.80+0.02 0.1543+0.0114
10 2.76+ 0.04 0.1562+ 0.0030

Each value represents the mean+S.D. for three determinations.

(a) (b)
1.10 x 104 1.15 x 10_4
E
g
e - 0.60 x 104 0.65 x 10
0 45 90 0 45
Score line (°) Score line (°)

Fig. 11. Response Surface of €1 Values Generated by RSM-S for Rp. 1

The ¢; values were modeled as a function of the angle of the score line to the
compression axis, the score angle, and the score depth. (a) The x and y axes represent
the angles of the score line to the compression axis and score angle, respectively, and
the score depth was set at 1.0 mm. (b) The x and y axes represent the angles of the
score line to the compression axis and score depth, respectively, and the score angle
was set at 60°. 0, score angle; 4, score depth.
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1.0 x 104

CS 0.5x 104

0%
0 0 "LAC
Fig. 12. Response Surface of ¢; Values Generated by RSM-S as a Function of
Formulation Factors

Geometric representation of the extreme vertices design for three components. Ten
formulations were assigned as vertices, as center points between vertices, and as
centroids. Each number indicates formulation numbers, respectively. The angle of the

/! 7

score line to the compression axis, the score angle, and score depth values were set at
45°, 60°, and 0.75 mm, respectively.

3.2. Experimental Validation of FEM Simulation

The lowest rows in Fig. 10 show the breaking behaviors for three test angles of the scored
tablets. The experimental results were similar to those of the simulations. When the angle of
the scored line to the diametral compression axis was 0°, regardless of the depth and angle of
the score, the cracks appeared to initiate at the scored line in the direction of compression. When
the angle of the scored line was changed to 45° at a score depth of 0.50 mm, the cracks
propagated in the direction of compression. In contrast, with a score depth of 1.50 mm, the
cracks not only appeared in the direction of the compression but also approached the score line.
A similar tendency was observed when the score angle was much wider. When the angle of the
scored line to the diametral compression axis was changed to 90°, regardless of the score shape,
horizontal cracks appeared on the compression axis.

To compare the relationships between the ¢; value and tablet hardness, the response surface
of tablet hardness was estimated using RSM-S.

Typical examples are shown in Fig. 13. When the angle of the scored line to the diametral
compression axis was 0°, the breaking strength indicated lower values, whereas at 90°, it

showed higher values. Furthermore, as the depth of the score decreased, it was demonstrated
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that the scored line direction had more impact. In comparison to the results of direct
compression (Table 2), for all formulations except Formulation 3, the tablets produced using
wet granulation had higher breaking strengths. This is thought to be due to improved flowability,
tableting and inter-particle cohesion as a result of wet granulation. For all score shapes, a
tendency was observed for higher MCC content ratios to show higher breaking strength values.
This may be due to MCC acting as a binder with excellent compression formability.

To investigate the quantitative relationships between ¢; values and tablet hardness, a scatter
plot was made using 360 types, with differences in the formulations, the angles of the score line
to the compression axis, the score angles, and the score depths (Fig. 14). Regression analysis
revealed that the correlation coefficient of the power equation (7=0.724) was better than those
of linear (+=0.667), polynomial (=0.719), and exponential equations (=0.711). Outliers, which
might be derived from errors in the FEM analysis, were excluded from regression analyses. The
best fitting power equation was as follows.

Tablet hardness = 0.0101g, 16379

This result revealed that the least deformable tablet had the greatest hardness. Therefore, this
result is considered to be reasonable, although a large variation was observed in the regression
analyses. Such regression errors might arise from a simple FEM model because each tablet was
considered as a uniform elastic model in this study regardless of whether the tablet’s inner
structure—such as density and stress distribution— was inhomogeneous.'* Moreover, although
the ¢; was considered as an explaining variable in this study, multivariate analysis—in which
all strains of inner tablet are considered as explaining variables—could increase prediction
accuracy.*!*¥ These approaches might enable us to predict in silico tablet hardness of arbitrary

formulation and shape accurately.
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Fig. 13. Response surfaces for breaking strength as a function of quantity ratios of
MCC, CS and LAC. Scored shape (a) 45 °- 0.5 mm, (b) 45 °- 1.0 mm, (¢) 45 °- 1.5
mm. Angle of dividing line to the breaking force : 0 °, 45 °, 90 °.

33



100 =5 o101 167

r=0.724

-~
wh

Tablet hardness (N)
o 3

Qutlier

0 i i i
0.000 0.005 0.010 0.015 0.020

€
Fig. 14. Correlation of ¢; Values Calculated by FEM Simulation with Tablet

Hardness
Three hundred sixty samples, with differences in formulation, angles of the score line

to the compression axis, score angles, and score depths, were used. Outliers were
excluded from the regression analysis.
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4. Conclusion

I investigated the mechanical strain on the top surface of scored tablets after application of
external forces by using the FEM simulation. For diametral compression, considerable
differences were observed in the strain distribution, depending on the angle of the score line to
the diametral compression axis: 0°, 45°, or 90°. The strain values increased with increasing
score depth. The FEM simulation was validated by the experimental data. Moreover, I found
that the value of &; obtained from FEM simulation was negatively correlated with tablet
hardness, suggesting that the FEM simulation was advantageous for designing scored tablets. |
conclude that such FEM simulation is useful for achieving an objective understanding of the

pharmaceutical characteristics of scored tablets.
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Summary

Pharmaceutical dosage forms include tablets, granules, and capsules. Tablets are preferred
by patients due to their ease of use and portability. Many factors can affect the quality of the
drug product because tablets are composed of a variety of factors in the formulation and
manufacturing process. Therefore, understanding of these cause relationships is required in
formulation development. However, quantitative formulation design is considered difficult, and
formulation development has been biased toward subjective and empirical judgments.

In recent years, the “QbD” concept was proposed in the ICH Q8 guidance and the
establishment of a science-based rationale and a design space in pharmaceutical formulation
development is desired.

Therefore, many simulation methods have been developed to model the compaction
behavior of powders and the fluidized bed granulation process, and to understand the important
factors that affect formulation quality. However, the model formulation and shape which lack
practicality are used, the simulation was only validated experimentally, and no studies have
examined the causal relationship between the simulation results and the quality attribute.

The purpose of this study is to establish that the FEM, a form of CAE simulation, is a useful
tool for understanding important factors in formulation development.

In chapter 1, the aim of this study was to clarify the effect of score shapes on the essential
characteristics of tablets by using FEM simulation. I only focused on the depth and angle of
scores in this study as the starting point for the potential use of FEM simulation for the design
of scored tablets. A runnel of triangle pole on the top surface of flat tablets was fabricated as
the score shape. The depth and angle of scores were changed as design variables. The scored
tablet was manufactured by direct compression method, and the simulation and experiment
were verified. The scored tablet was manufactured by direct compression method, and the
simulation and experiment were verified. The results of bending force showed that the
shallower score shape, the smaller stress generated in along the score line and the strain was
generated in along other than the score line. As strong tensile stress was generated along the
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score line, which increased with increasing score depth. A wide range of tensile stresses was
generated on the top and lateral surfaces of scored tablets after applying diametrical
compression. The area became wider as a function of score depth, but the effect of score angle
was minimal. A reasonable relationship between FEM simulation and actual experimental
results was observed.

In chapter 2, the purpose of this study was to explore differences in stress distribution
between these design variables using FEM. I also aimed to determine any relationships between
FEM results and tablet hardness using RSM-S. To achieve this, I prepared 10 types of tablets
by a wet granulation compression method according to the extreme vertices design and
measured the elastic parameters of each type of granule. Subsequently, I simulated the
mechanical strain distribution of tablets using FEM. In the breaking strength simulation, when
the angle of the scored line to the breaking force was set at 90°, the horizontal strain increased.
Turning the angle of the scored line to 45° resulted in the strain being generated along the scored
line. As the score depth increased, this tendency increased. When the angle of the scored line
was changed to 0°, a very strong ¢; value appeared only on the scored line. Similar phenomena
were seen regardless of differences in the score depth, although the absolute value of the strain
on the scored line increased with increasing score depth. The experimental results in the
breaking behaviors for three test angles of scored tablets showed that as the depth and angle of
scored line increased, cracks were observed to form along the scored line. When the angle of
the scored line to the diametral compression axis was changed to 90°, regardless of the score
shape, horizontal cracks appeared on the compression axis. The  experimental results
were similar to breaking strength simulations.

Furthermore, Ifoundthat the value ofe; obtained from FEM simulation was negatively
correlated with tablet hardness, suggesting that the FEM simulation was advantageous for
designing scored tablets.

The results of the above studies indicate that the halving equality of scored tablets is affected

by the physical properties of the powder, the manufacturing conditions, and the shape of the
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score. Therefore, it is necessary to take these factors into consideration when designing a
formulation for the production of scored tablets. The more uniform the dividing strength of the
scored tablet, the greater the dividing strength, and a proper balance must be achieved.

The results of these studies show that FEM is similar to actual physical behavior and can
predict the quality characteristics of formulations containing many formulation factors. Future
development of FEM simulation is expected to improve tableting failure and shorten the
development time of tablet shapes. When tableting problems occur, stable production is not
possible and the development timeline needs to be delayed. If this occurs during commercial
production, in the worst case scenario, it can lead to serious problems such as not being able to
supply medicinal products to patients. Therefore, measuring residual stress distribution in the
tableting process by FEM simulation is expected to reduce tableting failures. The material of
the punches and die is metal, and it takes about two months from the time an order for a
candidate shape is placed to the time it is received. In addition, it is necessary to repeat a trial-
and-error process of making one punch, making a tablet and evaluating the quality before
determining the tablet shape, which takes a lot of time and costs. Therefore, the use of FEM
simulation is expected to shorten the development period and reduce development costs. FEM
simulations suggest that it is possible to identify important factors and it is useful tools to

accelerate the formulation development process.
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