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Capping and lamination are common defects occurring during the manufacturing of pharmaceutical tablets. Several studies showed that tablet anisotropy can play a role in the occurrence of such defects. In this work, we propose a new and easy methodology to characterize the anisotropy of flat-faced cylindrical tablets, which are considered as transversally isotropic due to the process, through the study of their elastic properties using impulse excitation technique and finite-element method (FEM) simulations. The study was performed for tablets with a thickness-to-diameter-ratio between 0.160 and 0.222. FEM simulations showed that it was possible to determine three out of the five elastic constants of the tablet using the three natural vibration modes. An anisotropic index was then built as the ratio of the two apparent shear moduli. Moreover, in order to simplify the estimation of tablet anisotropy and to avoid the systematic use of FEM simulations, an analytical model was also developed. It only requires the measurement of the tablet dimensions and of the first three natural frequencies. Using this technique,

Introduction

The tablet is the most common pharmaceutical form. It is generally obtained industrially using die compaction on large rotary presses. Despite the long use of this process, production problems can still be challenging today. Among them, problems of tablet breakage, like capping and lamination, are still difficult to foresee especially during scale-up.

Capping and lamination correspond to a tablet breakage in a plane normal the compaction direction [START_REF] Alderborn | Tablets and compaction[END_REF]. Failure mechanisms have been described in the literature for different kind of defects [START_REF] Garner | Mechanisms of crack formation in die compacted powders during unloading and ejection: An experimental and modeling comparison between standard straight and tapered dies[END_REF][START_REF] Hiestand | Physical processes of tableting[END_REF][START_REF] Mazel | Lamination of biconvex tablets: Numerical and experimental study[END_REF][START_REF] Mazel | Evolution of the Die-Wall Pressure during the Compression of Biconvex Tablets: Experimental Results and Comparison with FEM Simulation[END_REF]V. Mazel et al., 2015). These mechanisms are complex and it is clear that multiple factors influence the occurrence of defects. As breakage is a balance between stress and strength, defects are more likely to occur if stress is high and/or if tablet strength is low. Parameters like the residual die-wall pressure, the punch shape, the elastic recovery or the maximal axial pressure are susceptible to influence the stresses inside the tablet and are thus considered as important for the occurrence of capping/lamination [START_REF] Anuar | The elastic relaxation of starch tablets during ejection[END_REF][START_REF] Sugimori | Characterization of die wall pressure to predict capping of flat-or convex-shaped drug tablets of various sizes[END_REF][START_REF] Wu | Modelling the mechanical behaviour of pharmaceutical powders during compaction[END_REF].

Tablet strength is the other important parameter to understand breakage. In the pharmaceutical field, it is generally quantified using the tensile strength obtained by the diametral compression test [START_REF] Fell | Determination of tablet strength by the diametral-compression test[END_REF]. Nevertheless, during this test, tablet strength is tested in a plane which is normal to the one were capping and lamination occur. For this reason, several authors developed techniques to measure the strength in the direction normal to the compaction direction [START_REF] Galen | Strength anisotropy in cold compacted ductile and brittle powders[END_REF][START_REF] Jarosz | Factors influencing axial and radial tensile strengths of tablets[END_REF][START_REF] Malamataris | Apparent compressive elastic modulus and strength isotropy of compacts formed from binary powder mixes[END_REF][START_REF] Mazel | Shear strength of pharmaceutical tablets: Theoretical considerations, evaluation and relation with the capping tendency of biconvex tablets[END_REF][START_REF] Mullarney | Mechanical property anisotropy of pharmaceutical excipient compacts[END_REF][START_REF] Nyström | Measurement of axial and radial tensile strength of tablets and their relation to capping[END_REF].

Measuring tablet strength in the direction normal to the compaction direction is complicated and often necessitate specially designed tablets or complex sample preparations. Thus, alternative methodologies would be of interest. Differences in strength in both directions would mean that tablet strength is anisotropic. One can suppose that this anisotropy would be linked to an anisotropy of the tablet structure [START_REF] Porion | Anisotropic Porous Structure of Pharmaceutical Compacts Evaluated by PGSTE-NMR in Relation to Mechanical Property Anisotropy[END_REF]. As a consequence, it should be also possible to measure tablet anisotropy on other mechanical properties. Among these properties, the elastic properties have been the most extensively studied in the pharmaceutical literature and authors proposed that tablet anisotropy could be assessed by measuring the elastic properties in various directions [START_REF] Ando | Studies on Anisotropy of Compressed Powders. III. Effects of Different Granulation Methods on Anisotropy, Pore Size and Crushing Strength of Tablets[END_REF].

Recently, this idea was applied in several articles using ultrasound technology to measure the elastic properties in two perpendicular directions in order to predict capping tendency [START_REF] Akseli | Non-destructive determination of anisotropic mechanical properties of pharmaceutical solid dosage forms[END_REF][START_REF] Akseli | Development of predictive tools to assess capping tendency of tablet formulations[END_REF][START_REF] Akseli | Quantitative Correlation of the Effect of Process Conditions on the Capping Tendencies of Tablet Formulations[END_REF][START_REF] Xu | Early detection of capping risk in pharmaceutical compacts[END_REF]. The principle is to measure the speed of longitudinal and transversal waves in the two perpendicular directions of interest. As the wave speed is linked with the tablet elastic properties, different wave speeds in each direction means anisotropy of the tablet elastic properties. This method is of great interest but it has two main drawbacks. The first one is that the device used to measure the wave speed is quite complex and expensive. This explains maybe why, despite the interest of the published articles, this technique was rarely used by other teams in the pharmaceutical fields. The other drawback is that, even if it can be used to characterize anisotropy, it does not, in fact, make it possible to rigorously calculate the elastic moduli. First of all, authors often calculate Young's modulus ( ) using the density ( ) and the longitudinal wave speed ( ) according to the following equation [START_REF] Akseli | Non-destructive determination of anisotropic mechanical properties of pharmaceutical solid dosage forms[END_REF]:

= (1)
Nevertheless, this equation is in fact an approximation for the one-dimension case. The correct equation is [START_REF] Achenbach | Wave Propagation in Elastic Solids[END_REF]:

= 1 - (1 + )(1 -2 ) (2)
with the Poisson's ratio of the tablet. But even this equation is only valid for isotropic cases. For anisotropic materials, it is not possible, even for transverse isotropic ones, to calculate the exact elastic moduli by measuring the 4 wave speeds without further approximations [START_REF] Hentschel | Elastic properties of powders during compaction. Part 2: elastic anisotropy[END_REF]. The moduli presented in the papers previously cited should thus only be considered as apparent moduli.

Recently, we introduced in the pharmaceutical field, the impulse excitation technique in order to characterize the elastic properties of pharmaceutical tablets [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF]. This technique, also called impact resonance, uses the resonance frequencies of the solid to determine its elastic properties. It can be used for both isotropic and anisotropic bodies [START_REF] Atri | Elastic properties of in-situ processed Ti-TiB composites measured by impulse excitation of vibration[END_REF][START_REF] Heyliger | Anisotropic Elastic Constants: Measurement by Impact Resonance[END_REF][START_REF] Roebben | Impulse excitation apparatus to measure resonant frequencies, elastic moduli, and internal friction at room and high temperature[END_REF][START_REF] Swarnakar | High temperature properties of ZnO ceramics studied by the impulse excitation technique[END_REF][START_REF] Tognana | Measurement of the Young's modulus in particulate epoxy composites using the impulse excitation technique[END_REF]. In our previous article, we showed the application of this technique to pharmaceutical tablets under the assumption of isotropy using only the two first resonance frequencies as explained in the norm ASTM E1876-01. But we also mentioned that the use of more frequencies could make it possible to study tablet anisotropy. This last point is the aim of this work.

The present paper presents how impulse excitation can be used to determine the anisotropy of flat-faced cylindrical tablets. In our previous work [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF], we used the norm ASTM E1876-01 to linked the vibration frequencies to the elastic constant under the assumption of isotropy. In the case of anisotropic solids such norm doesn't exist. Moreover, there is no simple analytical expression that makes it possible to calculate the elastic constants using the natural frequencies in the case of an anisotropic solid. It is thus mandatory to use a numerical approach to solve the equation of motion for a freely vibrating tablet. For this purpose, we decided to use Finite Element Method (FEM) simulation which is extensively used in the literature to study the free vibrations of linear elastic solid, for example in the pharmaceutical literature [START_REF] Akseli | Mechanical Property Characterization of Bilayered Tablets using Nondestructive Air-Coupled Acoustics[END_REF][START_REF] Akseli | Air-coupled non-contact mechanical property determination of drug tablets[END_REF]. So FEM was first used to study the theoretical problem, i.e. to understand the relationship between the tablet resonance frequencies and their apparent elastic moduli in order to estimate elastic constants and tablet anisotropy using this technique. Then, an experimental application is proposed on tablets made of products with known anisotropic behaviors.

Theoretical considerations

In the pharmaceutical field, it is generally assumed that the elastic behavior of a tablet can be modelled using the theory of linear elasticity and the assumption of a continuous solid with apparent elastic properties, e.g. [START_REF] Akseli | Non-destructive determination of anisotropic mechanical properties of pharmaceutical solid dosage forms[END_REF][START_REF] Akseli | Development of predictive tools to assess capping tendency of tablet formulations[END_REF][START_REF] Akseli | Air-coupled non-contact mechanical property determination of drug tablets[END_REF][START_REF] Fell | Determination of tablet strength by the diametral-compression test[END_REF][START_REF] Garner | Mechanisms of crack formation in die compacted powders during unloading and ejection: An experimental and modeling comparison between standard straight and tapered dies[END_REF][START_REF] Malamataris | Apparent compressive elastic modulus and strength isotropy of compacts formed from binary powder mixes[END_REF][START_REF] Wu | Modelling the mechanical behaviour of pharmaceutical powders during compaction[END_REF]. This assumption makes it possible to describe the elastic behavior using elastic constants like Young's modulus and Poisson's ratio. The same assumption was made in the present paper. In such a case, the tablet elastic behaviour can be described with the stiffness tensor which gives the relationship in linear elasticity between stress and strain as = . Note that the properties of an anisotropic linear elastic material (as its stiffness) varies with direction. In the most general anisotropic case, the tensor depends on 21 independent material constants.

However, when the material microstructure and properties present some symmetries, the number of material constants is reduced [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF]. For example, in the case of isotropic materials, their microstructure and properties are identical in all directions. The number of independent material constants in the stiffness tensor then reduces to two which can be, for example, the engineering constants:

Young's modulus and Poisson's ratio .

Description of the elastic properties of a cylindrical flat tablet

Due to the manufacturing process, tablet microstructures and properties are highly impacted by the compaction axis. In this work, flat-faced cylindrical tablets will be considered in an orthonormal base ( , , ) with the axis parallel to the compaction direction during manufacturing (Figure 1).

As a result of the compaction conditions and of the tablet cylindrical shape, tablet microstructures and properties are identical in all the directions perpendicular to the compaction direction . The axis is thus a rotational axis of symmetry for tablets. By this way, flat-faced cylindrical tablets can therefore be considered as transversely isotropic solids. Tablet properties are then different in two directions: a) in the direction linked to the compaction axis and b) in whatever direction transverse to the compaction axis. Hereinafter, the tablet properties related to both directions will be called respectively longitudinal properties (in the compaction direction ) and transversal properties (in a direction perpendicular to ). For a transversely isotropic material, the expression in engineering notation of the inverse of the stiffness tensor reads [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF]):
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where and are respectively the longitudinal and transversal Young's modulus; ! is the shear modulus related to shear stiffness in the plane ( , ), and are

Poisson's ratio related to the transverse strains respectively along and when the material is stressed in the direction . Similarly, note that the term

( &' () )
* ( can also be referred as the inverse of the shear modulus ! .

The relation (3) shows that the stiffness tensor depends on five independent engineering constants: , , , and ! . Note that, if a material presents isotropic behaviour, the properties are identical in any direction as said before, leading to

= (= ), = (= ) and ! = ! = * ( &')
. Relation (3) reduces then to its form for isotropic materials, which depends on only two material constants such as ( , ).

For transversely isotropic materials, evaluating elastic anisotropy can be performed by comparing their elastic properties in different directions. Three ratios of elastic properties can be considered to do so: the ratio of apparent Young's moduli ⁄ , the ratio of apparent shear moduli ! ! ⁄ and the one of apparent Poisson's ratios ⁄ . The material is all the more anisotropic as each of these ratios is far from unity. Elastic anisotropy for transverse isotropic materials as tablets can thus be accessed by characterizing at least one of these ratios.

Relationship between elasticity and vibration frequencies

In order to evaluate tablet apparent elastic moduli, we choose in this work to evaluate tablet free vibrations. Free vibrations of a given sample are associated with: a) the initial displacement conditions that induce the harmonic vibrations with a specific pattern (called 'mode shape') and b) the specific frequency called 'natural frequency' for which the sample vibrates after external perturbations.

The natural angular frequencies -. of a given sample can be estimated by solving the following equation of motion for a free vibrating system:

( --. /)0 1 = 2 (4)
where / is the mass tensor of the studied sample, its stiffness tensor and 0 1 are the eigenvectors (initial displacement conditions) related to each mode shape and associated to each -. . Relation (4) shows clearly that natural frequencies -. are impacted by tablet mass and apparent elastic moduli (through the stiffness tensor ) Moreover, for an homogeneous material, this relation shows also clearly that the natural frequencies are inversely proportional to the square root of the density by expressing / as a function of [START_REF] Beards | Structural Vibration: Analysis and Damping[END_REF].

Materials and methods

Products

Three classical pharmaceutical excipients for direct compression were used in this study: anhydrous calcium phosphate "ACP" (Anhydrous Emcompress, JRS Pharma, Rosenberg, Germany), agglomerated monohydrate lactose "MLac" (SuperTab 30Gr, DFE Pharma, Goch, Germany) and microcrystalline cellulose "MCC" (Vivapur 12, JRS Pharma, Rosenberg, Germany). The last two excipients were mixed with 1 % (w/w) of magnesium stearate (Cooper, Melun, France) to minimize frictions in the die during compaction and ACP was mixed with 2 % (w/w) magnesium stearate. Formulation blending of 100 grams of product in a 500 mL bottle was performed for 5 minutes at 49 rpm in a Turbula mixer (Type T2C, Willy A. Bachofen AG, Muttenz, Switzerland).

Tablet manufacturing

All tablets were manufactured on a compaction simulator Styl'One Evolution (Medelpharm, Beynost, France). This device is a single station instrumented tableting machine. It is equipped with force sensors (strain gauges) on both punches and on the die wall, and the displacements of the punches are monitored using incremental sensors. It is equipped with a separate engine for each punch. The compaction cycle was set to simulate a Korsh XL 100 at a rotation speed of 20 rpm.

Tablets were made for each product presented above at two compression pressures (100 and 200 MPa) with Euro B flat-faced punches with a diameter of 11.28 mm. A tapered die was used to minimize the occurrence of tablet defects during the ejection [START_REF] Garner | Mechanisms of crack formation in die compacted powders during unloading and ejection: An experimental and modeling comparison between standard straight and tapered dies[END_REF]. Filling height was modified in each case to obtain a final tablet thickness of 2 mm. For each condition (pressure and product), 5 tablets were manufactured to assess the test repeatability.

Impulse excitation technique

The characterization of tablet natural frequencies was made using an impulse excitation technique and following the methodology presented by [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF].

The impulse excitation is obtained for a sample by dropping it on a hard surface from a 1 cm height. The sample free vibrations induced by the impact were recorded using a microphone MM310 (Microtech Gefell GmbH, Gefell, Germany). The data acquisition system was a DEWE-43 coupled with the software Dewesoft X3 (Dewesoft, Trbovlje, Slovenia). Acquisition frequency was set to 200 kHz and as a consequence the maximal detectable frequency was 78.1 kHz. Time domain amplitude signal was converted into a frequency domain signal to measure the resonance frequencies using a fast Fourier transform (FFT) algorithm. A Blackman window with 4096 points was used. The frequency resolution was 25 Hz. More technical details on the methodology are explained in [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF]. At least 3 natural frequencies could be characterized for all the tablets.

Finite element calculations

Undamped modal analysis was realized using the finite element software Abaqus® 6.13

(Dassault Systèmes, Vélizy-Villacoublay, France) with the Lanczos algorithm on 3-D free moderately thick cylindrical plates (representing flat-faced cylindrical tablets).

Considering that only three natural frequencies can be determined by impact resonance test for some products [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF], only the first three modes of vibration have been computed. A mesh convergence study was performed and, based on the obtained results, we chose to perform simulations with about 40000 nodes. In order to test the accuracy of the finite element analysis, the fundamental frequency of an isotropic circular plate with a thickness-to-diameter ratio ℎ 5 6 of 0.2 and a Poisson's ratio of 0.3 was compared to the analytical results presented by So et al. [START_REF] So | Three-dimensional vibrations of thick circular and annular plates[END_REF]. The relative gap between the numerical results and literature for each one of the first three modes was less than 0.5 % which validated the result accuracy obtained with the finite element analysis approach used in this work.

In order to model tablet behaviour, the cylindrical plate behaviour was considered as transverse isotropic. The simulations were used for two purposes: a) evaluating the influence of tablet apparent elastic moduli on each of the natural frequencies using simulation designs and b) calculating the elastic constants of the experimental samples by an inverse determination method.

For the first objective (making a sensitivity analysis on tablet natural frequencies), as explained previously, the natural frequencies are impacted by tablet mass and stiffness tensor. By expressing tablet mass as the volume-to-density ratio, it is clear that natural frequencies are impacted by variations of tablet density or dimensions. However, as natural frequencies are inversely proportional to the square root of the density (see above), we chose to optimize the number of simulations performed and only study simulations with a density to 1000 78/: . Due to the analytical relationship between the natural frequencies and the density, the results obtained for a density 1000 78/: can be generalized for whatever density. In order to study the impact of variations on tablet dimensions on their natural frequencies, simulation designs were performed on cylindrical plates having diameters of 11.28 mm or 16 mm and thickness-to-diameter ratios ℎ 5 6 of 0.155, 0.177, 0.200, and 0.222. Those dimensions were chosen based on tablet manufacturing feasibility and the possibility of recording tablet natural frequencies for those type of dimensions. Based on the estimations of tablet apparent elastic moduli shown in literature [START_REF] Mazel | Measurements of Elastic Moduli of Pharmaceutical Compacts: A New Methodology Using Double Compaction on a Compaction Simulator[END_REF][START_REF] Akseli | Development of predictive tools to assess capping tendency of tablet formulations[END_REF][START_REF] Sun | The relationship among tensile strength, Young's modulus, and indentation hardness of pharmaceutical compacts[END_REF], simulation designs for each ratio ℎ 5 6 were performed in order to study the impact of anisotropy on the plate modes. The values of the apparent elastic moduli used in the simulations are listed in Table 1.

Note that the density was set to 1000 78/: . For each geometry a full factor simulation design was performed which led to 243 test runs corresponding to each set of apparent elastic moduli possible with the values presented in Table 1. The studied simulation designs cover a broad range of tablet behaviours but all the combinations of apparent elastic moduli might not be representative of realistic tablet properties. The simulation designs were compiled with the Design of Experiments software Modde® (Sartorius, Göttingen, Germany) in order to estimate the influence of transverse isotropic apparent elastic moduli on the natural frequency of moderately thick cylindrical plates.

For the second objective, an inverse determination method was used in order to evaluate tablet apparent elastic moduli from the experimental natural frequency data.

The exact tablet dimensions and density were incorporated into the simulation. The objective function used for this inverse problem was taken as the sum of the squared residuals between the experimental and numerical frequencies. Using a set of initial values of apparent elastic moduli, chosen using the simulation designs, the numerical natural frequencies related to this set were calculated and the objective function was evaluated. Iterative variations on the apparent elastic moduli were performed using a systematic manual method until the objective function fell below the convergence condition, here taken as 0.01 kHz² (this value ensures that the differences between the numerical and experimental natural frequencies are below the experimental uncertainties). It was found that, for whatever initial values of elastic constants, a given set of natural frequencies gave a unique set of apparent elastic moduli in the range of apparent elastic moduli studied (Table 1) which ensured the robustness of the iterative method. The elastic constants of the studied tablet were then estimated as the final elastic constants obtained with the performed simulation.

Results and discussion

Numerical results

Numerical sensitivity analysis of natural frequencies

For moderately thick cylindrical plates with transverse isotropic behaviour (representing flat-faced cylindrical tablets), the influence of the apparent elastic moduli on the first three natural modes was evaluated through the study of simulation designs. For the sake of illustration, as similar results were obtained for each one of the studied designs, only the results related to the simulation design with 5 = 11.28 mm and ℎ =2 mm (i.e.

ℎ 5 6 =0.177) are presented here. Note that these dimensions are close to those of the manufactured tablets presented in this work.

First, for all the simulations, the first three natural frequencies always correspond to the same three modes in the same order. Figure 2 shows a representative scheme of the displacement patterns in the direction for each one of the first three modes shapes.

All the first three modes correspond to flexural ones. Moreover, the modes corresponding to the first and third natural frequencies mimic a twisting motion of the cylindrical cross-section and their antinodes (local maximum displacements) are located along two diameters of the cylindrical cross-section with an offset of 90° for the first mode and with an offset of 60° for the third one. In the rest of the article, they will be respectively called Twisting mode A and C. The mode shape linked with the second natural frequency is similar to the bending distortion of the cylindrical plate with clamped edges under a load applied at its centre. Based on this observation, this mode will be called hereinafter Bending mode B.

Statistical analysis of the simulation designs was performed in order to estimate the impact of the apparent elastic moduli on the vibration modes with a confidence level of 95 %. Parameters with p-values lower than 5% were considered as statistically significant. For cylindrical plates studied here (i.e. ℎ 5 6 between 0.155 and 0.222), the optimized fitting function obtained for each natural frequency ; . (with < ∈ {?, @, A}) was of the form:

; . = ? C. + (? . + ? . ) + (? . + ? D.

+ ? E. )

+ (? F. + ? G. ! + ? H.

+ ? I. ) ! (5)

With ? K. (with L ∈ {1, 2, … , 9}) the scaled and centred coefficients related to each natural frequency ; . .

The goodness of each model is evaluated through the validation metrics R 2 and Q 2 [START_REF] Eriksson | Multi-and Megavariate Data Analysis Basic Principles and Applications[END_REF] and the related results are presented in Table 2.

Those equations make it possible to estimate accurately the first three modes with validation metrics at least as high as 0.997. Equation ( 5) is thus well suited for the calculation of the natural frequencies. The sensitivity of each natural frequency to each elastic parameters of the fitting function are presented below

The first remark is that, for each natural frequency, the parameters ? and ? are the highest of all coefficients related to the influence of the elastic properties (Figure 3). As these two parameters are directly related to the longitudinal Young's modulus (relation (5)), this means that is the elastic modulus with the most important influence on the three modes of vibration . This is coherent with the fact that all those modes are flexural modes and thus strongly depend on this parameter. The form found for equation

(5) shows that all three natural frequencies depend only on , and ! and the interactions between those factors. Thus, the remaining two apparent elastic moduli ( and ) are found to have no significant impact on the three natural frequencies for the studied cylindrical plates.

The results above thus show that only three of the five apparent elastic moduli could be determined using impulse excitation technique on cylindrical flat-faced tablets. To determine these three elastic parameters, we can anticipate that the values of the three natural frequencies seen above may be sufficient. As a consequence, the determination of the three elastic parameters should be possible for any tablet as at least three modes of vibrations were detected for all the products studied. Considering that the three apparent moduli ( , and ! ) can be determined, it should also be possible to evaluate tablet anisotropy through the shear ratio

! ! 6 as ! = * ( ( &' () )
.

Similar results were found for the simulation design performed on other geometries (data not shown). Nevertheless, the parameters found for the optimized fit vary with the tablet dimensions and must thus be determined for each tablet dimensions.

As a first conclusion, the impulse excitation technique can be used on cylindrical tablets to study tablet anisotropy. For this purpose, using the natural frequencies, an inverse identification method of the apparent elastic moduli can be performed using finite element analysis as explained in the material and method section and the apparent moduli found can be used to determine the anisotropic shear ratio ! ! 6 . However, this characterization can be time-consuming. For the sake of simplification, a more direct approximation method of the shear ratio based on the results obtained by impact resonance was then developed.

Approximation of the anisotropic shear ratio with a simplified method

As explained in a previous paper [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF], a significant shift of the third natural frequency was observed for products with a known anisotropic behaviour and seems related to tablet anisotropy. Following this idea, we thus tried to evaluate whether it was possible to have a quick estimation of the tablet (shear) anisotropy by directly using the natural frequency of each mode of vibration without calculating the corresponding apparent elastic moduli. As tablet natural frequencies depend on the studied material dimensions and elastic properties, we first identified the parameters impacting the shear ratio and then developed an approximation model for the shear ratio.

Identification of the parameters impacting the shear ratio

The natural frequencies of a solid are impacted by its elastic properties and its dimensions. In this part we will separate these two influences. We chose to study first the relation between the natural frequencies and the shear ratio and second the impact of tablet dimensions on this relation.

The relationship between tablet natural frequencies and its anisotropic shear ratio were studied numerically for tablets with 5 = 11.28 mm and ℎ = 2 mm (i.e. ℎ 5 6 = 0.177). As the first and third modes of vibration can be considered as part of the same mode shape family (Figure 2), we choose to evaluate the frequency ratio ; P ; Q 6 , with ; P and ; Q the natural frequencies of twisting mode A and C respectively. This ratio represents the shift of the third natural frequency compared to the first one. The evolution of the shear ratio as a function of the frequency ratio ; P ; Q 6 can be seen in Figure 4.

Figure 4 shows that there is a strong correlation between the frequency ratio ; P ; Q 6 and the shear anisotropic ratio ! ! 6 : as ; P ; Q 6 increases, the shear ratio also increases. thorough data study indicated that these shifts were linked with the variations of . In order to include these variations in the model, we tried to identify a frequency-based index that could be used to take these variations into account. From the norm ATSM E1876-01, it is known that, when assuming isotropic tablets with fixed dimensions, variations of Poisson's ratio can be determined using the ratio of the two first frequencies. The same approach was thus tried in the case of transverse isotropic tablets and Figure 5 shows the correlation obtained between the frequency ratio

; P ; R 6 
(; R is the frequency of the bending mode B) and the Poisson's ratio .

As it can be seen, ; P ; R 6 shows a linear correlation with . Indeed, by fitting a least squares regression line, the expression of the line obtained is

; P ; R 6 = -2.03 + 1.56
and the validation metric R² is 0.96.

Based on these results, for tablets with fixed dimensions, it was decided to use the two frequency-based parameters ; P ; R 6 and ; P ; Q 6 to evaluate the shear ratio ! ! 6 .

After identifying the frequency-based indices related with the shear ratio, the impact of tablet dimensions was then evaluated with the simulation designs. Both diameter ( 5) and thickness (ℎ) have an influence on the natural frequencies obtained. Nevertheless, it was found that the frequency-based parameters defined previously remained constant if the thickness-to-diameter ratio ℎ 5 6 was kept fixed (data not shown because the difference between the results obtained for a fixed ℎ 5 6 was exactly 0% for all the studied simulations). As a consequence, to represent the impact of the tablet dimensions on the frequency ratios and then on the shear ratio, it is not necessary to consider ℎ and 5

separately. This influence can be introduced in the model using a single geometrical parameter which is ℎ 5 6 . As an example, the relationship between ; P ; Q 6 and ! ! 6 for different ratio ℎ 5 6 is presented in Figure 6. When ; P ; Q 6 is kept constant, the shear ratio decreases when the thickness-to-diameter ratio ℎ 5 6 increases.

Finally, based on the results presented above, it was decided to build an approximation model to determine the shear ratio ! ! 6 using the three following parameters: ; P ; R 6 , ; P ; Q 6 and ℎ 5 6 , which are parameters that can be easily measured experimentally.

Development of an approximation model for the shear ratio

In order to evaluate the goodness of the developed approximation models of ! ! 6 , residual standard deviations (S T ) were calculated as follow [START_REF] Kva°lseth | Note on the R2 measure of goodness of fit for nonlinear models[END_REF]:

S T = 1 U -1 V (W X ) Y XZ (6) 
With U the number of points used for the regression and W X the residual value related to the k th data point (i.e. the difference between the k th value of ! ! 6 evaluated with the simulation designs and the k th value predicted from the approximation model).

For tablets with a fixed ℎ 5 6 ratio, we choose, after several tries, to approximate ! ! 6 as a function of ; P ; R 6 , ; P ; Q 6 and ℎ 5 6 with the following form: The residual standard deviation S T obtained with this model was 0.02. The low value of this parameter means that this model predicts accurately the shear ratio on the studied data set (i.e. elastic properties in the ranges presented in Table 1 andℎ 5 6 ∈ [0.160; 0.222]). Figure 7 shows the residuals (i.e. differences) between the results of the simulations designs and those obtained with the approximation model (relation (7)).

! ! = [ C + [ ; P ; R + [ D ℎ 5 \ ] ^[ + _`a 1 0.091 ; P ; Q + [ ; P ; R b (7 
As presented above, the data points present residuals in absolute which are lower than or equal to 0.10 for whatever thickness-to-diameter ratio, showing the good correspondence between the numerical values and the approximation model. Except for certain very specific conditions, for the great majority of data, this interval is even narrower with residuals which are lower than or equal to 0.05. Those results show that an accurate estimation of the shear ratio can be obtained with the approximation model.

To conclude on this part, an analytical model was thus developed which can make it possible to calculate the shear ratio with an absolute precision better than 0.1 using only variables that can be easily determined experimentally (tablet natural frequencies and dimensions). The model validity was then evaluated though comparisons with experimental data.

Experimental application

The three products presented above were manufactured at two compaction pressures and tested by impact resonance. The shear ratio of the tablets of each product at each pressure point was evaluated by: a) using an inverse analysis with a finite element method (i.e. by determining first the three apparent elastic moduli) and b) using the developed approximation model presented above. The validation of this model was performed by comparing the obtained results.

Inverse analysis

The elastic constants determined using an inverse analysis coupled with a finite element method are presented in Figure 8.

As expected, the nature of the product and the compaction pressure used for manufacturing tablet have an impact on tablet elastic properties. The apparent elastic moduli and Poisson's ratios are close to those evaluated in [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF] under the assumption of isotropic tablets. As stated in the cited article, the values obtained are coherent with existing literature. A more complete discussion can be found in [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF]. Especially, as found in the literature (Mazel andTchoreloff, 2020, Porion et al., 2010), the apparent Young's modulus E1 and the Poisson's ratio increased with the compaction pressure for all the products. Indeed, as the compaction pressure increased, the porosity of those powdered materials decreased leading to higher elastic moduli. Using those results obtained by inverse analysis, the shear ratio of each tablet was calculated (Figure 9).

For all the tested products, a shear ratio ! ! 6 is higher than 1. According to the literature [START_REF] Akseli | Non-destructive determination of anisotropic mechanical properties of pharmaceutical solid dosage forms[END_REF][START_REF] Galen | Strength anisotropy in cold compacted ductile and brittle powders[END_REF][START_REF] Mazel | Shear strength of pharmaceutical tablets: Theoretical considerations, evaluation and relation with the capping tendency of biconvex tablets[END_REF], the tablets were found to be weaker in the ( , ) plane than in the ( , ) plane. ! corresponds to a shearing due to h , i.e. a shear stress acting along the and in planes normal to (i.e. in the ( , ) plane). For example, this elastic modulus governs the twisting mode that has as rotational axis (mode not seen in our case).

! corresponds to a shearing due to h i.e. a shear stress acting along and in planes normal to (i.e. in the ( , ) plane). As it was expected that the tablet will be weaker in the ( , ) plane than in the ( , ) plane, i.e. will fail more easily when sheared using h than when using h , it is thus coherent to find a ! lower than ! .

For each compaction pressure, the same tendency of the shear ratio was observed:

MCC > MLac > ACP. A high anisotropy of MCC tablets and a rather isotropic behavior of ACP tablets are reported in the literature [START_REF] Galen | Strength anisotropy in cold compacted ductile and brittle powders[END_REF][START_REF] Porion | Anisotropic Porous Structure of Pharmaceutical Compacts Evaluated by PGSTE-NMR in Relation to Mechanical Property Anisotropy[END_REF] as well as a more anisotropic behavior of MCC tablets compared to lactose tablets [START_REF] Akseli | Non-destructive determination of anisotropic mechanical properties of pharmaceutical solid dosage forms[END_REF]. This shows the coherence of our results with literature. This also shows that our approach using shear ratios in order to evaluate tablet anisotropy is coherent.

Besides, it can be noted that MLac and MCC tablets seemed to present a slight increase of the shear ratio with the compaction pressure whereas there is no influence of the compaction pressure for ACP tablets. For a ductile powder, the higher the compaction pressure was, the more flattened its grains were which induced more anisotropic tablets.

For a brittle powder, increasing the compaction pressure led to crushed particles which seemed to lead to microstructures with smaller grain sizes but the rather same anisotropy (and maybe in some cases less anisotropy but this phenomenon was not observed here). Considering that MCC is a ductile product and ACP is more brittle than MLac, the results on the influence of the compaction pressure on the shear ratio could be expected. However, it can be noted that, when considering the results with their error bars in Figure 8, the compaction pressure did not have a huge impact on the shear ratio even for MCC which is the most ductile product used in this study.

Validation of the approximation model

To evaluate the accuracy of the developed approximation model (relation (7)), shear ratios related to the tested products were calculated and compared to those obtained by inverse analysis (Figure 10).

In Figure 10, all the results are very close to the line i = ` meaning that the inverse analysis and the approximation model give shear ratios almost identical. The maximum absolute difference between the shear ratio given by both methodologies was 0.05. As a consequence, the shear ratios calculated with the approximation model can be considered as accurate. Moreover, numerical uncertainties are small enough to make it possible to determine the same tendency as observed on the results obtained by inverse analysis (i.e. shear ratio order: MCC > MLac > ACP). This makes it possible to validate the use of the developed approximation model in order to estimate tablet anisotropy through the evaluation of their shear ratios.

Conclusions

As presented in this article, the elastic anisotropy of flat-faced cylindrical tablets, considered as transversely isotropic solids, can be evaluated with the study of their free vibrations by impulse excitation. Using the three first flexural modes for a given tablet (with fixed and known dimensions), it was possible to determine three apparent elastic moduli, i.e. , and ! . Thanks to these three elastic constants, it is possible to characterize an anisotropy index corresponding to the ratio between the two apparent shear moduli ! ! 6 (called shear ratio in this article). This shear ratio is equal to one for an isotropic tablet. This parameter can be estimated using an inverse finite element analysis of the first three flexural modes for a given tablet. For all the product studied, the results obtained are coherent with the literature.

Moreover, a simplified and time-saving methodology for evaluating tablet anisotropy was also developed in order not to use systematically finite element analysis. This methodology was developed for a certain range of tablet dimensions ( ℎ 5 6 ∈ [0.160; 0.222]). An analytical model was built that made it possible to calculate the shear ratio with a good precision (better than 0.1) using the ratios between the three first natural frequencies and tablet dimensions.

This work made it thus possible to develop an easy method that could be used to determine tablet anisotropy during formulation development in order to anticipate on tablet defects.

Annex: Reasoning used to obtain relation (j)

First, the influence of the frequency-based parameters was determined for tablets with a fixed ℎ 5 6 ratio. 

Table 3 gives the values of each parameter ?, @ and A for each ℎ 5 6 ratio studied.

As the residual standard deviations are low for each approximation model, these models allow for a good estimation of the shear ratio using the frequency-based parameters for tablets with a given ℎ 5 6 ratio. Note that, in the relation (8), all of the three parameters ?, @ and A depend on the ℎ 5 6 ratio.

In order to model the impact of the thickness-to-diameter ratio, the relationships between these three parameters were first evaluated using linear regression analysis (Table 4).

As correlation coefficients are very high (Table 4), each parameter ? and A can be accurately estimated using linear regression. Therefore, by expressing ? and A as function of the parameter @, relation (8) reduces to:

! ! = [ C + [ ; P ; R + @ ^[ + _`a 1 0.091 ; P ; Q + [ ; P ; R b (9) 
In the form of relation (9), the influence of the ℎ 5 6 ratio on the shear ratio impacts only the parameter @. We choose to model this influence as a function of

@ = [ D k l m n \ ]
, which corresponds to a form leading to good results. The parameters obtained by the best fit of the model giving the impact of the ℎ 5 6 ratio on the parameter @ are presented in Table 5.

Because of the low residual standard deviation, the model chosen above gives an accurate representation of the influence of the thickness-to-diameter ratio on @. By expressing the influence of the ℎ 5 6 ratio on relation (9) with this model, we obtained relation (7). 
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  )with [ C= -0.7746, [ = -71.78, [ = 0.3667, [ = -68.87, [ D = 9.302 × 10 D and [ E = -1.748. For further details, the reasoning behind relation (7) is presented in the annex A.1.
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 3 Model parameters for the approximation model at fixed thickness-to-diameter

	ratio ℎ 5 6

Table 4 :

 4 Model parameters and correlation coefficient for the linear relationships between the parameters of relation(7) 

Table 5 :

 5 Model parameters giving the influence of the thickness-to-diameter ratio ℎ 5 6 on the parameter @

Table 1 :

 1 Values of the elastic moduli used on the finite element calculations

	Young's modulus	(GPa)	1.00	5.00	8.00
	Young's modulus	(GPa)	1.00	5.00	8.00
	Poisson's ratio	(-)	0.10	0.25	0.40
	Poisson's ratio	(-)	0.10	0.25	0.40
	Shear modulus	(GPa)	0.60	1.80	3.00

Table 2 :

 2 Summary of the goodness of the models related to the first three modes of vibration for cylinders with D = 11.28 mm and h D = 0.177

		Twisting mode A	Bending mode B	Twisting mode C
	R 2	0.999	0.998	0.997
	Q 2	0.999	0.998	0.997

Table 3 :

 3 Model parameters for the approximation model at fixed thickness-to-diameter ratio h D

	ℎ		(× 10 )		
	0.160	-2.440	2.310	-1.225	0.02
	0.177	-2.145	1.908	-0.946	0.02
	0.200	-1.883	1.545	-0.697	0.02
	0.222	-1.715	1.301	-0.530	0.02

Table 4 :

 4 Model parameters and correlation coefficient for the linear relationships between the parameters of relation(7) 

	Model	Model parameters	Correlation coefficient
	=	+	= -0.7746 and	= -71.78	0.9999
	=	+	= 0.3667 and	= -68.87	0.9999

Table 5 :

 5 Model parameters giving the influence of the thickness-to-diameter ratio h D on the parameter B

	9.302 × 10	-1.748	2 × 10