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ABSTRACT

Roller compaction (RC) is widely used in pharmaceutical manufacturing but produces ribbons with non-uniform
porosity, complicating the prediction of tablet properties. Here, we present a reduced-order framework that links
roller compaction and tableting by minimally extending established constitutive models to predict tablet porosity
and tensile strength with low additional data demand. Peak RC stress was calculated using the Johanson model
as a function of specific compaction force, while ribbon porosity was estimated with the Kawakita relation, which
we extended to capture pre-compaction effects, enabling estimation of the final tablet porosity. Tablet tensile
strength was described by the Ryshkewitch-Duckworth relation, extended by a pressure-like term representing
granule hardening during pre-compaction.

A global sensitivity analysis was performed, and the framework was validated against literature data for
microcrystalline cellulose (MCC) and mannitol, including response-surface evaluation over RC and tableting
conditions. Fitting the empirical parameters yielded excellent agreement for tablet porosity (MCC: R% = 0.99;
mannitol: R? = 0.96) and tensile strength when using experimental porosity (MCC: R% = 0.98; mannitol: R? =
0.99). Predicting tensile strength via model-predicted porosity remained strong. Sensitivity analysis identified
tableting pressure and Kawakita model parameters as the dominant factors influencing final porosity and tensile
strength.
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The two simple model extensions integrate RC and tableting into a unified, easy-to-apply framework suitable
for parameter exploration and model-based design of experiments. Despite known simplifications, the framework
consistently captured trends for both plastic and brittle excipients.

1. Introduction

The roller compaction (RC) process is widely used in pharmaceutical
granulation, particularly for formulations containing moisture- or heat-
sensitive materials. RC is a well-established technology that, by design,
enables continuous manufacturing with relatively low energy con-
sumption. The process consists of a compaction stage, in which ribbons
are produced, and is typically followed by a milling stage to generate
granules with the desired particle size distribution. Milling is most
commonly performed using screen mills, which break the ribbons into
the final dry granules.

The ribbons produced by roller compaction generally exhibit non-
uniform porosity. Depending on the device configuration, either the
ribbon center or its edges may show higher porosity [1-3]. When cheek
plates are used, the stationary side sealing prevents powder from
escaping the compaction zone but also shears the bulk material, leading
to reduced mass at the ribbon edges and consequently higher porosity. In
contrast, rimmed rollers provide a moving side seal that enhances ma-
terial flow toward the edges, typically resulting in lower edge porosity.
Additionally, the feeding system often consists of a screw feeder, which
pushes material into the compaction zone and produces an oscillating
track of elevated porosity across the ribbon [1,4-6]. As a result, ribbons
- and consequently the granules derived from them — do not exhibit
homogeneous porosity.

Modeling of the compaction process was already introduced by
Johanson in 1965 [7]. His analytical approach assumed a nip angle,
from which the bulk material moves at the same velocity as the rollers,
and that the maximum compaction force occurs at the minimum gap.
However, experimental measurements have demonstrated deviations
from these assumptions [8-10]. Despite its limitations, the Johanson
model remains widely used because it is straightforward to apply and
provides an approximate estimate of peak compaction stress. Several
extensions of the model have been proposed, including empirical ad-
justments to improve the accuracy of compaction pressure predictions
[11-13] and approaches that incorporate a pressure distribution across
the roller surface to better capture the ribbon porosity profile [14].
These modifications, however, introduce additional empirical parame-
ters that require fitting.

In addition to analytical modeling, compaction simulations are
commonly performed. Accordingly, tablets are compressed at a gradual
compaction speed to mimic compaction between the rollers with the aim
of predicting the ribbon porosity [15,16]. The specific compaction force
(SCF) can be determined by integrating force over time [16]. Despite the
gradual speed, porosity values from compaction simulation and RC
differ and can be corrected via transfer learning [17].

In combination with the maximum compaction force, compress-
ibility models such as those of Heckel [18,19], Kawakita [20,21], and
Cooper-Eaton [22] are commonly applied to describe the relationship
between compaction pressure and tablet porosity under uniaxial
compression. After compaction, elastic recovery leads to expansion of
the compacted body and increased porosity. The extent of this recovery
depends on the material and the dwell time under load: longer dwell
times generally reduce elastic recovery, particularly for plastically
deforming materials [23-25]. Consequently, both in-die and out-of-die
porosities can be described by these compressibility models.

During compression of dry-granulated granules, those formed in the
roll compactor exhibit reduced porosity and increased mechanical
strength compared to the original powder. This granule hardening effect
makes them less deformable under subsequent tableting pressures,
thereby reducing the bonding area available for interparticle

interactions. Consequently, the tablet press must overcome the higher
yield strength of these hardened granules to achieve additional bonding,
leading to the commonly observed loss of tabletability after dry granu-
lation [26]. As a result, tablets produced from RC granules show lower
tensile strength than directly compacted tablets when compressed at the
same force, although at lower porosity [27].

The reduction in tabletability has already been described within a
modeling framework by Gavi et al. [28], who considered the process
steps of RC, ribbon milling, and tableting to predict tablet tensile
strength and dissolution. In their approach, the compressibility factor
from the Johanson model (see Eq. (6)) was used to describe ribbon
porosity, while tablet tensile strength was predicted using the model of
Farber et al. [29]. The latter incorporates the pre-compaction porosity as
an additional parameter, which brings challenges for RC ribbons
because they exhibit a distribution of porosities rather than a single
uniform value [29]. White et al. [30] further extended this framework
by introducing an additional fitting parameter to improve predictive
accuracy.

A less mechanistic and more automated approach was presented by
Bachawala et al. [31], who applied normalized bivariate rational func-
tions to link upstream process parameters to tablet properties. Their
method achieved good agreement, but only for a single material and
based on a large dataset (2400 tablets). Other studies have relied on
extensive experimental data to derive models using multivariate anal-
ysis [32-34], which enables the identification of the most influential
material parameters.

Although various modeling approaches have been proposed to link
RC and tableting, their applicability remains limited when predicting
the tabletability of new formulations with unknown material parame-
ters. The present work therefore proposes a reduced-order framework
for linking roller compaction and tableting, based on standard
compaction and shear tests and supplemented by two lumped empirical
parameters that capture pre-compaction effects.

2. Data and methods
2.1. Experimental data

This study uses solely data reported by Rajkumar et al. [27] for
microcrystalline cellulose (MCC) and mannitol. Both are widely used
excipients in the pharmaceutical industry; however, their mechanical
properties differ substantially. MCC undergoes predominantly plastic
deformation, whereas mannitol is brittle. These contrasting behaviors
result in distinct tabletabilities and sensitivities to pre-compaction [27].

2.2. Johanson model

The Johanson model [7] is widely applied in the literature. It divides
the compaction zone into a slip zone, where the roller surface moves
faster than the powder bed, and a nip zone, where the powder moves at
the same velocity as the rollers. The zones are shown in Fig. 1 together
with a porosity profile typically found in ribbons.

Using the Jenike-Shield criterion [35], Johanson postulated ex-
pressions for the pressure gradients in both regions. At the nip angle, the
two gradients are equal. The main compaction stress develops within the
nip region, which is the focus of this work. For a given SCF, the
maximum compaction pressure Ppq, can therefore be determined. The
required model parameters are summarized in Table 1, along with their
measurement methods.

The pressure gradient in the slip zone is defined as:



C. Eichler and S. Heinrich

Roller

Feeding Sealing

>
=
[
<
S
o

Ribbon width

Fig. 1. Drawing of the roller compaction process and Johanson's slip and nip
zones. The nip angle separates the slip from the nip region. The setup assumes
cheek plates, which are omitted for clarity, along with an exemplary ribbon
porosity profile is shown, indicating low porosities in the ribbon center (Note:
cheek plates invert the profile).

Table 1
List of model parameters and corresponding measurement methods.
Objective Parameter Symbol  Measurement
device
Ef.fe?tlve angle of internal 5 Shear cell
Johanson friction
Wall friction angle ¢ Shear cell
Compressibility factor K Tablet press
- . Tablet press +
Initial porosity £ caliper
Kawakita Empirical parameter a Tal?let press +
caliper
Empirical parameter b Tal?let press +
caliper
Ryshkewitch- Non-porous strength G Tablet analyzer
Duckworth Empirical parameter k Tablet analyzer
Roller diameter D -
Roller force RF -
Roller compaction Roller gap S -
Roller width w -
Average pocket thickness d -
Tablet press Tableting pressure 14 -
do 40(5~ 0 — v)tan(3)
ol = ) (@)
Sip D (1 + 5 — cos(0) ) (cot(A — p) — cot(A +u))
with
06 v =
A=+t 2
2 2 &4 2
T . (sin(¢) ,
Vv =_—arcsin| — - 3
2 (sm(SE) ) ¢ 3
r 6}3
F=2"% (€]

Here, o is the normal stress, D is the roller diameter, @ is the roll
angle, S is the roller gap, & is the effective angle of internal friction, and
¢' is the wall friction angle.

The pressure gradient in the nip zone is given by:
do Kop(2cos(0) — 1 — S/D )tan(0)

dx|y, 2(d/D+ (1+S/D— cos(8))cos(8))’ )
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2.3. Kawakita's compressibility model

Compressibility models describe the relationship between compac-
tion pressure and the resulting porosity (or solid fraction). Several
models are commonly used, including those of Heckel [18,19], Kawakita
[20,21], and Cooper-Eaton [22]. Generally, the accuracy of these
models increases with the number of parameters they require: Heckel
employs two parameters, Kawakita three, and Cooper—Eaton four. In this
study, the Kawakita model is applied because it achieves good predictive
accuracy while requiring relatively few fitting parameters, thereby
reducing the amount of experimental data needed.

In its linearized form, the Kawakita equation is expressed as:
c 1+bo

C ab

)]

where a and b are model parameters, ¢ is the applied compaction
pressure, and C is the relative volume decrease defined as:

V-V

C
Vo

(10

with V; being the initial bulk volume and V the compacted volume.
Rewriting Eq. (9) in terms of porosity yields:
(1 —&0)(1 +bo)
= v U] 11
¢ abs —bo — 1 * an
where ¢ is the porosity at compaction pressure o, and ¢ is the initial
porosity, included as a third model parameter, corresponding to the
porosity at zero compaction pressure.

2.4. Compactability model

A widely used method for describing the relationship between tablet
tensile strength o, and porosity ¢ was first proposed by Ryshkewitch [36]
and later extended by Duckworth [37]:

m@ﬁ:—m (12)

o

The model has two input parameters that can be interpreted as pure
material tensile strength at zero porosity ¢ and empirical parameter k. In
practice, both parameters are typically obtained by fitting to experi-
mental data, particularly when different material compositions are
investigated.

2.5. Model for tablet porosity

The Johanson model provides the peak stress acting during the RC
process. Using Eq. (11), the corresponding ribbon porosity can be esti-
mated, and the porosity difference relative to the initial state can be
expressed as:

Aé = €9 — Eribbon 13)

here ¢ is the initial porosity of the uncompacted reference material used
to fit Eq. (11) (i.e., the starting state of the Kawakita fit), and &.ppon is the
porosity of the compacted ribbon. This porosity difference can be
incorporated into Eq. (11) by introducing an additional dimensionless
parameter ¥ with exponent Ae:

B (1 —€0)(1+bo) pe
€= (m“)“’ a4

¥ is introduced as a lumped interface parameter that maps densifi-
cation history from roller compaction to effective tablet compressibility,
rather than representing new compaction physics. It incorporates ma-
chinery impacts (e.g. ribbon porosity profile, milling) and physical ef-
fects (e.g. grain hardening, material's elastic recovery and primary
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particle/granule size and shape). The advantage of this simple model
adjustment is that it preserves the uncompacted material properties,
since for Ae = 0, Eq. (14) reduces to the original Kawakita relationship.

2.6. Model for strength of tablets of dry granules

Analogous to the estimation of tablet porosity, an additional
empirical parameter Q in the unit of pressure is introduced to account
for granule hardening due to pre-compaction, as well as machinery
setup. It therefore depends on the ribbon's porosity profile, milling
conditions and elastic recovery. Incorporating the porosity difference
Ag, the Ryshkewitch-Duckworth relationship (Eq. (12)) can be extended
as:

Or = ORyD (%) a (15)

This model extension applies both to dry-granulated granules and to
direct compaction. In the special case Ae = 0, Eq. (15) reduces to the
original Ryshkewitch-Duckworth formulation Eq. (12).

Material characterization
(raw material)
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2.7. Modeling pipeline

The proposed model for estimating final tablet porosity and tensile
strength relies on the parameters listed in Table 1. These are divided into
material-specific parameters, which can be determined from standard
laboratory experiments, and machine parameters. For cases where only
small amounts of powder are available, micro shear cells can be used to
determine the (wall) yield locus, e.g., FT4 (Freeman Technology Ltd.,
~1 mL), RST (Dr. Dietmar Schulze GmbH, <10 mL), or MCR Evolution
(Anton Paar GmbH, <5 mL).

The first step is the determination of material-dependent parameters.
With these parameters, the nip angle is calculated using the Johanson
model, which provides the maximum compaction pressure Py, via Eq.
(7). The value of P4, can be used as the compaction pressure ¢ in the
Kawakita model Eq. (11), allowing the ribbon porosity to be derived.
Ribbon and granule porosity are assumed to be equal. From this, Ae can
be determined and the tablet porosity can be predicted via Eq. (14),
provided that ¥ is known or calibrated.

In the next step, the tablet tensile strength can be estimated using Eq.
(15) with the calibrated Q either by applying the experimental tablet
porosity or the model-predicted porosity from Eq. (14). The full pipeline
is presented in Fig. 2, including the calibration routes.

Tablet press

Shear cell (unprocessed a}:glbljér
material) Y
Basic model fits
. Ryshkewitch-
nga}‘:':‘f;‘ Duckworth
Q- Eq. (12)

New process setpoint Roller compaction
(input) Process data

Follor Calculate Calculate Rol

. peak pressure ribbon/granule oller Tablet press
selijpziotizn Johanson orosit compaction
setup ( ) P y calibrate ¥ setup setup
_______________ »

Tablet press l
setup

Tablet porosity

Modified

Kawakita
Eq. (14)

l

Framework output

S

Tablet tensile strength

Modified
Ryshkewitch-
Duckworth

Tablet tensile

Tablet porosity strength

calibrate Q

Eq. (15)

Tablet tensile

Tablet porosity

strength

Fig. 2. Schematic of the reduced-order modeling framework linking roller compaction to tablet properties and tensile strengths.
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3. Results
3.1. Sensitivity analysis

A variance-based sensitivity analysis of all parameters in Table 1 was
performed to quantify their influence on the model outputs (tablet
porosity and tensile strength). The Sobol’ method [38-41], including
second-order interactions, was applied. The resulting total effect indices
(St) are summarized in Table 2 for both outputs (tablet porosity and
tensile strength). The Sobol’ total effect index St quantifies the overall
contribution of an input parameter to the variance of the model output,
including its main effect and all interaction effects with other parame-
ters. Values close to zero indicate negligible influence, whereas larger
values indicate increasing importance. Parameter boundaries used in the
analysis are also given.

Sampling was performed according to the Saltelli scheme [39] with a
base sample size of 3000, resulting in 78,000 model runs (12 parame-
ters) for porosity and 90,000 model runs (14 parameters) for tensile
strength. Parameters not included in the respective output model were
not sampled and are therefore marked as “-” in Table 2.

For tablet porosity, the most influential parameters were the tab-
leting pressure (¢) and the Kawakita parameters ¢, and a. For tensile
strength, all parameters except those specific to the Johanson model
showed strong influence. The roller diameter (D) shows a relatively
large confidence interval, most likely due to the wide range defined by
its parameter boundaries.

3.2. Model evaluation

Rajkumar et al. [27] investigated tablets produced from RC granules
of microcrystalline cellulose (MCC) and mannitol at different porosities.
Data for the Johanson model were also reported in their study. The
material parameters for the Johanson, Kawakita and Ryshkewitch-
Duckworth models (Table 1) were either fitted to data or taken
directly from Rajkumar et al. [27]. All fits within this paper were per-
formed using the Levenberg-Marquardt algorithm of SciPy [42].

In the following sections, the prediction of tablet porosity is dis-
cussed (Section 3.2.1) and compared against experimental data. This is
followed by the prediction of tablet tensile strength by using experi-
mentally determined tablet porosity (Section 3.2.2) and finally, in Sec-
tion 3.2.3, the predicted porosity is used for the prediction of the tensile
strength and response surface maps are derived.

3.2.1. Tablet porosity
The calculation steps for the present model are as follows. First, the

Table 2

Total sensitivity indices (St) with 95% confidence intervals (CI) for porosity and
tensile strength, along the boundaries used in the sensitivity analysis. * indicates
that tableting pressure (¢) was sampled logarithmically.

Porosity Tensile strength Boundaries
Symbol Unit Sr+CI Sr+ CI Min Max
g ° 0.169 + 0.030 0.072 £+ 0.030 0.1 80
¢ ° 0.108 + 0.029 0.057 + 0.069 0.01 50
K - 0.011 + 0.005 0.002 + 0.001 0.5 20
N - 0.350 + 0.044 0.242 + 0.055 0.3 0.7
a - 0.323 £ 0.033 0.586 + 0.172 107 0.8
b 1/MPa 0.042 + 0.009 0.063 + 0.019 10°° 1
G MPa - 0.401 + 0.164 1 30
k - - 0.093 + 0.022 1 30
D m 0.024 + 0.009 0.120 + 0.208 0.01 0.5
S m 0.014 + 0.009 0.001 + 0.001 51074 0.01
d m 0.024 + 0.009 0.001 + 0.001 0 51073
o Pa 0.566 + 0.067  0.520 + 0.111 10% 5.10% *
N d - 0.181 + 0.034 - 0 10
Q MPa - 0.171 £ 0.070 0.5 100
SCF kN/cm 0.022 + 0.009 0.003 + 0.002 0.5 40
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empirical parameters of the Kawakita model (Eq. (11)) — namely a, b,
and & - were fitted to experimental data obtained from non-
precompacted powder. In the second step, the ribbon (or granule)
porosity was estimated as a function of the SCF. For this purpose, the
maximum pressure predicted by the Johanson model was calculated,
and the corresponding ribbon porosity was derived using the fitted
Kawakita model. Finally, the empirical parameter ¥ was determined by
fitting Eq. (14) to the experimental data of Rajkumar et al. [27].

For MCC, ¥ was fitted to 0.65, resulting in an R? = 0.99. Applying the
same ¥ value to mannitol yielded an R? = 0.96, demonstrating the
applicability of the parameter. Although a different ¥ could improve the
fit for mannitol, a constant value of 0.65 was retained for both materials
for the sake of simplicity. The corresponding model predictions are
shown in Fig. 3.

3.2.2. Tablet tensile strength

The Ryshkewitch-Duckworth parameters & and k were determined
by fitting Eq. (12) to experimental data. Using the ribbon porosity
calculated in the previous section, the additional empirical parameter Q
was then fitted via Eq. (15) to the MCC data. It should be noted that the
experimental tablet porosities were available and directly used for the
fitting procedure.

For MCC, Q = 16.0 MPa resulted in a coefficient of determination of
R? = 0.98. Applying the same Q value to mannitol yielded an excellent
fit as well, with R2 = 0.99. Although an alternative value of could
slightly improve the fit for mannitol, the same parameter was retained
for both materials to maintain simplicity. The corresponding model
predictions are shown in Fig. 4.

3.2.3. Combined model

In contrast to the previous section, where tablet tensile strength was
estimated using experimentally determined porosity values, tensile
strength can also be predicted by applying the porosity calculated in
Section 3.2.1. Due to error propagation, the predictive performance is
reduced, yielding R? = 0.83 for MCC and R? = 0.81 for mannitol.

Model response surface plots for tablet porosity and tensile strength
are presented in Figs. 5 and 6. With respect to porosity (Fig. 5),
increasing SCF and tableting pressure both lead to a decrease in tablet
porosity. For the plastically deforming MCC, the effect of SCF levels off
at 10 kN/cm, while the more brittle mannitol exhibits a stronger and
more persistent response to SCF. For MCC, the influence of SCF becomes
negligible above 10 kN/cm because MCC deforms predominantly plas-
tically and undergoes pronounced granule hardening during roller
compaction. Once a certain densification level is reached, additional SCF
causes only minor further changes in the granule's ability to deform
during tableting, so tablet porosity and tensile strength are then mainly
governed by the tableting pressure. This loss of tabletability by dry

0.4
_ A mcc
- Mannitol
>034 X
)
<
o
o O 2 .
C
=
B
9
g 0.1 A
o
0.0 T T T
0.0 0.1 0.2 0.3 0.4

Target porosity [-]

Fig. 3. Parity plot comparing model-predicted tablet porosity (y-axis) with
experimentally measured tablet porosity (x-axis) for MCC and mannitol. Each
marker represents one experimental condition; agreement with the diagonal y
= x indicates accurate prediction.
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Fig. 4. Parity plot comparing model-predicted tablet tensile strength (y-axis)
with experimentally measured tensile strength (x-axis) for MCC and mannitol.
Each marker corresponds to one experimental condition. Proximity to the di-
agonal y = x indicates predictive accuracy.

granulation is a well-known effect for plastically deforming excipients
such as MCC [26]. In contrast, mannitol is more brittle and its tableting
behavior is dominated by fragmentation, so that an increase in SCF
further alters granule/fine particle formation and bonding conditions
during tableting, resulting in a more sustained SCF effect across the
range studied [27]. Moreover, MCC tablets show a broader porosity
range compared to mannitol.

Powder Technology 475 (2026) 122313

Regarding tensile strength (Fig. 6), similar trends are observed.
Increasing SCF results in decreasing tensile strength, with diminished
influence above 10 kN/cm for MCC but remaining pronounced for
mannitol. Overall, MCC tablets exhibit higher tensile strength than
mannitol tablets at the compared processing conditions.

Finally, the empirical parameters ¥ and Q can be fitted simulta-
neously to the experimental data for each material. Using the averaged
goodness of fit, defined as

Rlz’arasity + Rgtrength
2

Rz — (16)

the overall predictive performance was improved, resulting in R? = 0.94
for MCC and R2 = 0.96 for mannitol.

3.3. Assumptions and limitations

The simplicity of the proposed framework is achieved at the expense
of several assumptions, which entail the following limitations. First, the
applied Johanson model assumes a one-dimensional pressure distribu-
tion along the roller circumference, and therefore neglects any variation
across the roller width. Consequently, lateral (axial) variations in ribbon
porosity cannot be captured. Moreover, the Johanson model does not
account for roll-speed or dwell-time effects. For ductile materials such as
MCC, higher roll speeds may increase ribbon porosity due to reduced
dwell time and altered deformation behavior of the primary particles
[43]. These effects are not explicitly considered in the present

Mannitol
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Tablet porosity [-]
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©
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Fig. 5. Framework contour plot of tablet porosity as a function of SCF and tableting pressure for MCC and mannitol. Color levels indicate constant tablet porosity,
showing that increasing SCF and/or tableting pressure reduces porosity. Cross markers denote the experimental conditions from [27].
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Fig. 6. Framework contour plot of tablet tensile strength as a function of SCF and tableting pressure for MCC and mannitol. Color levels indicate constant tensile
strength. Increasing tableting pressure increases tensile strength, whereas increasing SCF generally decreases tensile strength. Cross markers denote the experimental

conditions from [27].
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framework.

Second, elastic recovery of the ribbon after compaction is not
accounted for. This simplification is considered acceptable within the
scope of the model, since the framework targets a reduced-order
description rather than a detailed physical representation, and
porosity heterogeneity within the ribbon is neglected anyway.

Third, the subsequent milling step is not explicitly modeled.
Depending on the equipment manufacturer, different milling mecha-
nisms are employed, most commonly integrated screening mills that
allow only particles below a defined size to pass. In the proposed
framework, milling is neglected for the sake of simplicity. As a result, the
granule size distribution is not considered, although it is often bimodal,
consisting of granules and residual primary particles, and strongly de-
pends on the ribbon porosity [44,45]. In addition, granules can exhibit
porosities that differ from the parent ribbon: depending on their origin
within the ribbon and their breakage mechanism, porosity may even
increase due to micro-cracking. Nevertheless, because ribbon porosity is
assumed homogeneous, using the ribbon porosity as a surrogate for
granule porosity is a reasonable first-order approximation within the
present framework.

Finally, in the subsequent tableting step, tablet press settings, tablet
geometry, and granule properties can substantially influence tablet
porosity and tensile strength. These variations cannot be resolved
explicitly by the framework and are therefore lumped into the interface
parameters ¥ and Q. Hence, ¥ and Q should be regarded as process- and
equipment-specific calibration constants and will change if the process
configuration (roller compactor, mill, or tablet press) is modified.

4. Discussion and conclusion

The presented approach supports two main use cases. First, it enables
parameter exploration for new material compositions, allowing esti-
mation of the required RC settings to achieve the desired tablet prop-
erties. Second, when experimental data from tablets produced with RC
granules are available, a more precise model can be derived by fitting
the empirical parameters ¥ and Q, for example, in a model-based design
of experiments. However, the simplicity of the model, relying on only
one empirical factor each for porosity and tensile strength, also in-
troduces certain limitations. The ribbon and granule porosity derived
from the Johanson and Kawakita models should be regarded as artificial
measures and not as the true physical porosity. Since ribbons exhibit a
porosity distribution across their width, representing them with a single
value is an oversimplification. Similarly, the model does not account for
granule size, which in reality may influence tablet strength by modifying
the available bonding surface. Nonetheless, such simplifications are
common; for example, other implementations [28] also neglect particle
size effects. In the reduced-order framework, unresolved ribbon porosity
heterogeneity and granule effects are represented in lumped form by the
interface parameters ¥ and Q.

In addition to roller compaction and internal milling, of course tablet
press conditions also affect final tablet properties. Even when restricting
the analysis to cylindrical tablets, dwell time is known to play an
important role, particularly for plastically deforming materials, by
reducing elastic recovery and increasing strength [43]. These influences
are likewise captured indirectly by the empirical parameters. Impor-
tantly, both Q and ¥ depend not only on the material but also on the
specific machinery used. The fact that their values remain similar across
MCC and mannitol suggests that machine effects may outweigh
material-specific effects, which must be considered when comparing
data obtained on different equipment.

Despite these limitations, the framework demonstrates significant
advantages in terms of simplicity. It provides a unified framework for
viewing the dry granulation route as a single, continuous process rather
than a set of isolated unit operations. Furthermore, alternative models
for predicting ribbon porosity or for describing tablet tensile strength
and porosity could be substituted into this framework and can be linked
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through Ae and the lumped parameters ¥ and Q.

Finally, the framework can be extended to incorporate dissolution
behavior, as demonstrated by Gavi et al. [28], offering further oppor-
tunities for integrated process modeling.

The proposed framework is not intended to replace established
formulation-development tools (e.g. compaction simulations). Instead,
it provides an alternative process scale-up and transferring settings be-
tween devices when historical data for the equipment are available.
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