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Abstract: Specific finite detail modeling of the human body gives a capable primary enhancement
to the prediction of damage risk through automobile impact. Currently, car crash protection coun-
termeasure improvement is based on an aggregate of testing with installed anthropomorphic test
devices (i.e., ATD or dummy) and a mixture of multibody (dummy) and finite element detail (vehi-
cle) modeling. If an incredibly easy finite element detail version can be advanced to capture extra
statistics beyond the abilities of the multi-body structures, it might allow advanced countermeasure
improvement through a more targeted prediction of overall performance. Numerous research has
been done on finite element analysis of broken femurs. However, there are two missing pieces of
information: 1- choosing the right material properties, and 2- designing a precise model including the
inner structure of the bone. In this research, most of the chosen material properties for femur bone
will be discussed and evaluated.
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1. Introduction

Finite element analysis has a large number of usages in medical, agricultural, and
mechanical products [1,2]. Finite element modeling of the human femur, like most biological
structures [3], has an inherent challenge in that building a material model capable of
describing the two complex bone tissues [4], cortical and cancellous, is extremely worrying.
Consequently, the development of any such finite element model requires a whole lot
of extra time,- and the level of expertise in non-linear material continuum mechanics
required to enhance correct fabric model descriptions is a good deal higher. This caveat
necessitates the significance of investigating whether this excessive degree of material
model complexity (in particular in the anisotropic description) is essential. The human
femur has, via numerous investigations, been physically examined (e.g., examining a
human cadaver with complete bones) yielding knowledge on obvious complete bone
structures (e.g., whole bone stiffness and elastic bending) [5-10]. It has also been digitized
and modeled in lots of distinct finite element applications both at the tissue level and
at the complete bone macroscopic level [11-15]. Lots of designs have additionally been
achieved to ascertain the femur bone tissue materials” (cortical and cancellous) linear and

non-linear material properties by way of methods starting from mechanical and acoustic
testing to more theoretical ways [14,16-24]. The more accurate finite element (FE) design
of the femur entire bone, or, separately, the bone tissues, encompass a fabric design that
describes a few grades of fabric anisotropy, or specific directional conduct [25], in addition
to pressure dependence. As shown in Figure 1, there are a colossal number of sections
Attribution (CC BY) license (https://  inside a bone that contain marrow, trabeculae, Haversian canals, etc. [26]. Most of the
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(DHS), cannulated screws (CS), etc.) [27-31]. Therefore, researchers are unable to design a
model of a human femur with this approach. Most of them used the STL file of the human
femur, which is converted from a computerized tomography (CT scan) file. Therefore, it is
impossible to edit or change the STL file of the model. Some of them designed a simplified
model of the human femur, leaving out certain parts of the femur [2]. In this research,
three sections of the bone (cortical, trabeculae, and marrow) with three types of material
(isotropic, anisotropic, and orthotropic) were discussed, and the approach of defining them
in Ansys is explained. In the following parts, different types of material will be illustrated
step by step. The aim of this research is to help other researchers to use the right material
properties of the femur bone and obtain accurate results.

Haversian canal concentric

M, Jameliae

osteons
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Figure 1. Inner structure of the bone.

1.1. Types of Material Properties

This section demonstrates the major types of material properties (isotropic, anisotropic,
and orthotropic), which were used in FE analysis of the human femur and will be
introduced precisely.

1.1.1. Isotropic Materials

Isotropic materials have similar physical and mechanical properties in all directions.
The identical strength, stress, strain, young’s modulus, and hardness of isotopic materials
will be evaluated when a selected load is carried out at any point inside the x, y, or z-axis.
Additionally, isotropic material does not have a dependency on the direction that light
travels. It has just a deflection index. The deflection index is the ratio of light speed in
a vacuum to the phase rate in a material through which light moves. So, light speed
in isotopic materials is not impacted by the varying direction of irradiation. The elastic
Young’s modulus (E) and Poisson’s ratio (v) are the main properties that were used for
femur analysis with isotropic material. They show material stiffness and the ratio of lateral
strain to axial strain, respectively [32].
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1.1.2. Anisotropic Materials

Anisotropic materials, additionally mentioned as “triclinic” materials, depend on
directions that are made from the unsymmetrical crystalline structure. In other words, there
is a relation between the mechanical behavior of anisotropic materials and the orientation of
the material’s body. When the same load is applied to various axes, each surface responds
differently. This suggests that measurements of a particular mechanical or thermal property
taken along the x-axis will be different from measurements taken along the y-axis or
z-axis. Additionally, regarding reference axes, there are differences in the concentration
and distribution of atoms. Therefore, the measurements also change as the axis does. There
are five independent properties in anisotropic material including two Young’s moduli, E1
(principal modulus) and E3 (or E2, modulus in the transverse plane); two shear moduli,
G12 (or G13) and G23; and one Poisson ratio, v. anisotropy. In physics, the quality of
exhibiting properties with different values is measured along axes in different directions.
Anisotropy is most easily observed in single crystals of solid elements or compounds, in
which atoms, ions, or molecules are arranged in regular lattices. [33].

1.1.3. Orthotropic Materials

If a material exhibits distinct and independent mechanical or thermal characteristics
in three mutually perpendicular directions, it is said to be orthotropic. Wood, many
crystals, and rolling metals are a few examples of orthotropic materials. For instance,
the longitudinal, radial, and tangential directions are used to explain the mechanical
characteristics of wood at a place. The radial axis (2) is normal, while the longitudinal axis
(1) is parallel to the direction of the grain (fiber); the radial axis (2) is normal to the growth
rings, and the tangential axis (3) is tangent to the growth rings (Figure 2). There are nine
independent material properties that entail Young’s moduli in three directions (E1, E2, and
E3), a trio of shear moduli (G12, G13, and G23), and three Poisson’s ratios (v12, v13, and
v23) [34]. These are limited in a thermodynamically constant material.

E1, By, B3, Gz, Gog, Ga1 >0 1

C11, Caz, Ca3, Cag, Cs5, Cg6 > 0 2)

(I = Uz3 Usz). (1 — Uyz Usg). (1 — Ug2 U21) >0 3)

1 — (U12 Uz1) — (Ugs Usz) — (Usy Upz) — 2(Upg Usp Upz) >0 4
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%@\\/ =
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Figure 2. Kind of orthotropic material.
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Also, by symmetry,
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With the selection of the material parameters used in this investigation, Equation (1) is

satisfied. Both trabeculae and cortical bone’s material qualities meet the requirements of
Equations (3)-(5).

1.2. Physical and Mechanical Properties of the Human Femur

Data from mechanical tensile tests were used where they were pertinent to the cir-
cumstances of this study. Not every range given in the literature applies to all of the
material constants utilized in this investigation. This difference is to be expected given
many factors, such as age, pathology, and sample size. To give the material models” average
properties, tabulated tissue response data and average values from several investigations
are employed whenever practical. The specific material inputs selected for each material
model are shown in this section. For the sake of model simplicity, the separate bone tissues
are also given a uniform apparent density throughout the femur of 1.9 g/cm? for cortical
tissue and 0.4 g/cm? for trabecular tissue. This is in addition to the mechanical properties
indicated.

1.2.1. Material Properties for Trabeculae

Elected orthotropic material qualities are listed in Table 1. The following criteria
guided the selection of these:

1 All orthogonal moduli are comparable to values published in [35] and [23] and fall
within the generally accepted range of 0—4.74 GPa [24].

2 For cancellous bone tissue, the ratios of the directional Young’s moduli exhibit a
relationship similar to that reported in [36], where E; /E; and E;/E3 are equal to
approximately 2 (here, equal to 1.4 and 2.0, respectively), and E3/E, is equal to
approximately 0.6 (here, 0.07).

3 The typical Young’s modulus is 1.0 GPa, which is in accordance with what has been
documented in the literature.

Table 1. Trabeculae as orthotropic material.

Young’s Moduli (MPa) Shear Moduli (MPa) Poisson’s Ratios
E; = 1352 Gip =292 Vi, =0.30
E, = 968 Gz =370 Vo3 =0.30
E; =676 Gy3 = 505 Vi3 = 0.30

The selected isotropic and anisotropic material properties for cancellous bone are
shown in Tables 2 and 3. Notably, the shear moduli in planes 1-3 and 1-2 were averaged to
399 MPa for the transversely isotropic material model, whereas the moduli in the second
and third directions were 822 MPa on average. The average Young’s modulus and average
Poisson’s ratio for the isotropic model are 1.0 GPa and 0.3, respectively.
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Table 2. Trabeculae as anisotropic material.

Young’s Moduli (MPa) Shear Moduli (MPa) Poisson’s Ratios
E; = 1352 Gyo =399 Vi, =0.30
E, =822 Gz =370 Vo3 = 0.30
E; =822 Gi3 =399 Vi3 =030

Table 3. Trabeculae as isotropic material.

Young’s Moduli (GPA) Poisson’s Ratios

E =1 Vi, =030

The inputs for the isotropic piecewise linear plasticity material model of cancellous
bone are displayed in Table 4. According to [20], the tangent modulus is set at 5% of the
elastic modulus. The yield stress is the average of the values for the greater trochanter and
femoral neck described in [24], which is roughly 3 MPa and 12 MPa, respectively.

Table 4. Trabeculae as a nonlinear isotopic model.

Elastic Modulus (MPa) Tangent Modulus (MPa) Poisson’s Ratios Yield Stress (MPa)

E = 1000 Etan = 1000 0.3 7.5

1.2.2. Material Properties for Cortical Bone

Two of the few researchers that have looked into the directional moduli of cortical
bone are Reilly and Burnstein [17]. The results are mentioned below:

E; = 8.69 GPa (longitudinal), E; = 4.19 GPa (transverse), and E; = 3.76 GPa (radial).

The following ratios, presented as approximate percentages, can be extracted from the
data, despite the fact that this E; is substantially lower than that of the majority of other
studies: E;/Eq =48%, E3/Ep = 90%, and E3/E; = 43%. The longitudinal tensile and bending
moduli for wet human cortical bone specimens, principally from the femur, are listed in
detail in Table 5 [18]. As can be observed, the average longitudinal Young’s modulus
throughout these experiments is 16.0 GPa. Using the aforementioned percentages, E; and
E3 are equivalent to roughly 6.8 GPa and 6.3 GPa, respectively, with E1 equal to 16.0 GPa.
Shear moduli are found in Schuster [11] and are comparable to an average shear modulus
of 3.36 GPa as reported by Reilly and Burnstein [17]. In another study, Mirzaali et al. [37]
evaluated the physical and mechanical properties of cortical bone in different cases. It
was written that the axial hardness modulus for osteonal, interstitial, and pooled bone
are 408 £ 69, 503 £ 56, and 455 + 78, respectively. Therefore, transverse hardness moduli
for female, male, and pooled bone are 367 £ 91, 428 + 75, and 395 £ 89 respectively. In
uniaxial tests, the moduli are 18.16 & 1.88 and 18.97 + 1.84 under uniaxial tension and
compression, respectively. The Poisson’s ratios for cortical tissue recorded by Reilly and
Burnstein [17] were 0.62 for “radial specimens” and 0.40 for “longitudinal specimens”.
Since Poisson ratios greater than 0.5 are not permitted in the infinitesimal theory, these
values led to problems in the constitutive equations used for the orthotropic material model.
As a result, the ratios were reduced while maintaining their relative magnitudes. The
radial and longitudinal Poisson’s ratios are scaled to 0.45 and 0.30, respectively. These
are comparable to the average Poisson’s ratio for femoral cortical bone tissue reported by
Katsamanis and Raftopoulos [38] of 0.36. The transverse direction of Poisson’s ratio in
this study is also calculated using the Poisson’s ratio for the radially harvested specimen
(set to 0.3). Table 6 lists the final nine elastic material constants used for the orthotropic
cortical bone. The orthotropic material model description with E; = E3 = 6.30 GPa and
Gi2 = Gy3 =3.30 is all that is required to describe the transversely isotropic material model
for cortical tissue, as illustrated in Table 7. Table 8 displays the isotropic material model



Biomechanics 2023, 3

129

description for cortical tissue. The material constants for the isotropic piecewise linear-
plasticity material model of cortical bone are displayed in Table 9. The yield stress is the
average of the tension values for specimens tested in by Reilly and Burnstein [17], and the
elastic modulus and Poisson’s ratio are the same used for the elastic isotropic model. The
tangent modulus is 5% of the elastic modulus [20].

Table 5. Cortical bone as an orthotropic material.

Young's Moduli (GPa) Shear Moduli (GPa) Poisson’s Ratios
E; =16 Gip=32 V12 =0.30
E; =6.88 Gp3=3.6 Va3 =0.45
E3 =6.30 Gi3 =33 Vi3 =0.30

Table 6. Cortical bone as an anisotropic material.

Young’s Moduli (GPa) Shear Moduli (GPa) Poisson’s Ratios
E; =16 Gpp =33 Vi, =0.30
E, =6.30 Gy = 3.6 V3 =045
E; =6.30 Gi3=33 Vi3 =030

Table 7. Cortical bone as an isotropic material.

Young'’s Moduli (GPa) Poisson’s Ratios

E =16 Vi, =036

Table 8. Cortical bone as a nonlinear isotopic model.

Elastic Modulus (GPa)  Tangent Modulus (MPa) Poisson’s Ratios Yield Stress (MPa)

E=16 Etan = 800 0.36 108

Table 9. Effective Young’s Modulus comparisons for samples from the same bone using in vitro methods.

Marrow Sample

T Rheology (kPa) Indentation (kPa) Cavitation (kPa)
emperature
25°C 20°C 20°C
1 52.1 £10.2 30.3 £4.0 64.3 £0.2
2 40+09 57+£03 9.0+ 0.01
3 07£03 09£02 09+02
4 32+19 21+03 14.4 +10.0
5 844 +6.5 353 +£49 no data
6 135.6 = 25.6 37.1+6.3 no data
7 69.0 £21.4 — —
8 — 122428 —
9 — — 16.0 + 1.6

Average 38.77 13.73 11.52
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1.2.3. Material Properties for Marrow

In comparison to past investigations, our data on bone marrow mechanics are both
substantially stiffer and cover a wider range of values. However, as was already mentioned,
other studies have used homogenized tissue samples, so it is difficult to compare the
reported viscosities, which range from 44.6 to 142 mPas, with our data, which range from
100 to 500 Pa. [38—43]. At physiological marrow temperature (35 °C), intact bone marrow
tissue has an effective Young’s modulus range from 0.25-24.7 kPa (Table 9). Bovine bone
marrow has a dynamic storage modulus of about 220 Pa at a frequency of 1.6 Hz and a tem-
perature of 37 °C, according to the only other study on the rheology of intact marrow [44].
Our porcine samples had a dynamic storage modulus ranging from 23-10,000 Pa at this
same frequency but at 35 °C (data not shown). Although their effort was limited to three
samples from the same bone, this hindered their ability to detect biological heterogeneities
in marrow samples. Nevertheless, this study is consistent with the storage magnitude
we find for intact marrow. Because biological tissues are known to be diverse, it is not
surprising that we discovered intact marrow to exhibit a significant level of inter-sample
heterogeneity. For instance, reports on the elastic modulus of lung and brain tissue have
been found to range from 1.5 to 100 kPa and 0.1 to 10 kPa, respectively [43,45-50]. It was
crucial to confirm that the variety of mechanical tests employed to collect these data was
not the source of this heterogeneity, as we have done here, even though it is more plausible
that these variances are caused by structural elements of the tissues.

2. Results

Although there is a wide range of studies about FE analysis, there is not enough
research to compare these analyses with different types of material properties (isotropic,
anisotropic, and orthotropic). In this paper, important material properties for three sections
of the bone (marrow, cortical, and trabeculae) were explained by reviewing the previous
studies. One of the crucial needs for FE analysis of the femur is, due to the lack of a
model of the human femur with the three mentioned sections, an analysis of this model
with different material properties. In this part, some similar research will be discussed to
compare the impact of material properties on FE analysis of the femur.

Geraldes and Phillips compared orthotropic and isotropic bone adaptation in the
femur [40]. They have done this research using a model of a human femur. For their
analysis, they waived consideration of the trabeculae and marrow sections. The predicted
forces and RMSE are shown in Tables 10 and 11.

Table 10. Hip contact forces’ resulting components (F;, Fy, Fy, and F;) in (%BW) were predicted to
have the following values for isotropic and orthotropic models.

Forces Material F, F, F,
Predicted Isotropic 59 —319 73
Orthotropic 53 — 306 71

An anterior-posterior (A-P) bending load versus deflection curve with an approxima-
tive elastic bending stiffness of 318 N/mm was shown by Yamada [6]. A 364 N/mm elastic
bending stiffness was reported by Mather [5]. For example, the isotropic FE femur predicts
267 N/mm of bending stiffness, while the orthotropic and transversely isotropic femur
models estimate 278 N/mm (Table 12).

When adopting the material model input moduli mentioned above, the transversely
isotropic model and the orthotropic model’s entire bone elastic stiffness are the same, and
the isotropic model is 4% less stiff.
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Table 11. For the first third (0-33%), the last third (66-100%), and the entire width (0-100%) of
the slice, the root mean squared error (RMSE,%) and Pearson’s product-moment coefficient (r,
p 0.0001) between the two distinct predictions (isotropic and orthotropic) and the CT scan profiles
were calculated.

) ) 0-100% 0-33% 66-100%
Slice Region Model ¢ MSE (%) r RMSE (%) r RMSE (%) r
1 5% femoral head Iso 32.48 0.49 17.31 0.77 22.90 —-0.12
Ortho 29.23 0.49 17.08 0.77 20.74 —0.02
2 20% shaft Iso 75.83 0.74 43.09 0.77 57.81 0.59
Ortho 51.27 0.88 25.92 0.88 38.92 0.72
3 40% shaft Iso 107.50 0.29 65.73 0.37 78.23 —0.66
Ortho 82.32 0.54 35.04 0.72 64.87 —0.09
4 60% shaft Iso 63.95 0.67 28.38 0.86 55.40 0.37
Ortho 64.03 0.65 36.38 0.89 48.41 0.74
5 80% shaft Iso 72.34 0.53 34.80 0.73 53.69 0.60
Ortho 68.29 0.46 27.07 0.69 51.83 0.81
6 95% shaft Iso 66.15 0.43 30.57 0.85 42.81 0.64
Ortho 66.10 0.25 21.43 0.89 45.24 0.80
7 Neck Iso 25.65 0.72 18.53 0.89 17.21 0.68
Ortho 12.29 0.88 9.56 0.93 5.38 0.89
8 Greater trochanter Iso 26.67 0.58 22.48 0.82 12.47 —0.14
Ortho 30.72 0.55 26.08 0.81 14.90 —-0.13
9 Femoral head Iso 30.06 0.40 23.60 0.46 16.81 0.26
Ortho 25.87 0.50 19.31 0.40 15.98 0.24
10 Femoral head Iso 28.72 0.55 20.48 0.73 17.35 0.17
Ortho 24.53 0.60 18.01 0.73 14.25 0.24
11 Femoral shaft Iso 82.43 0.57 45.73 0.67 63.81 0.10
Ortho 65.87 0.69 32.45 0.83 50.73 0.46
12 Femoral condyles Iso 69.25 0.48 32.69 0.79 48.25 0.62
Ortho 67.20 0.35 24.25 0.79 48.54 0.80
13 Whole femur Iso 55.63 0.54 31.61 0.72 39.70 0.25
Ortho 47.79 0.58 24.21 0.77 34.03 0.44

The isotropic piecewise plasticity model utilized in this study was compared with the
three-point A-P bending femur characteristics and test curves reported by Yamada [6] and
Mather [6], respectively. For each of the published research and the model, Table 13 lists
the proportionate limit of deflection and the proportional load. Furthermore, Yamada [6]
indicates that the elastic modulus of the femur is 18.34 kN/mm? (based on the mid-
diaphysis cross-sectional characteristics of the femur, the proportional limit deflection, and
load) and the current investigation reveals a value of 18.0 kN/ mm? that is similar.

Table 12. Result of Elastic Bending Stiffness.

. . Elastic Bending Stiffness of Elastic Torsion Stiffness of
Material Properties
the Bone the Bone
Isotropic 267 19.4
Orthotropic 278 11.6
Anisotropic 278 11.6

Table 13. FE model comparison in publications about whole bone load against A-P deflection.

Range of Deflection
in Proportion

Yamada [23] 6.0-7.0 2.10
Mather [23] 6.0-8.0 2.45
FE Model 8.0-9.0 2.50

Load Curve Proportion Load
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The elastic limit “corresponds to around 50% of the ultimate torsion strength for the
femur of any animal”, according to Yamada (3). As a result, the analysis of the linear FE
femur models is limited to values below 22.7 N/mm?2, or less than half of the ultimate
torsion strength of 45.3 N/mm?. The maximum twist angle is roughly 1.5°. According
to Cristofolini et al. [16], fresh-frozen femur samples have an elastic stiffness in the tor-
sion range of 6.5-10.5 Nm/deg. The isotropic FE femur model has a higher stiffness of
19.4 Nm/deg, and the orthotropic and transversely isotropic femur models show stiffness
in torsion that is closer to the literature at 11.64 Nm/deg. Each FE femur model’s elastic
whole bone torsion stiffness is listed in Table 12. The transversely isotropic model and the
orthotropic model have identical whole bone elastic torsion stiffnesses, with the isotropic
model having a 50% greater stiffness.

These findings support the idea that an isotropic material model of the human femur
bone tissues, as opposed to a more intricate anisotropic model, is sufficient to predict whole
bone bending response in the linear range. Particularly, the load versus deflection response
of the isotropic model is closely followed by the orthotropic material model, which is equal
to the transversely isotropic FE model. Additionally, the nonlinear isotropic model closely
mimics the actual bone response, and the inclusion of fundamental nonlinearities in the
material model (as accomplished here using a piecewise linear material model) is crucial
for strains greater than the linear range. The total bone reaction in torsion between the
isotropic and anisotropic femur models, however, differs significantly. Due to the slight
difference in shear moduli between the two anisotropic models, the two elicit whole bone
responses that are once again identical. Shear modulus input is absent from the isotropic
material model, which increases the primary stiffness in the calculations and results in
a significantly stiffer structure under torsion. Anisotropic modeling is advised for these
loading situations because the whole bone torsion stiffness of the anisotropic material
models is closer to the values indicated in the literature. The degree of anisotropy that
should be included in the material model descriptions of the bone tissue constituents
depends on the method of loading on the femur bone. The material models for the cortical
and cancellous bone do not necessarily need to describe anisotropy if the entire bone is
being loaded in bending. As a result, it is no longer necessary to gather data for and
troubleshoot a more intricate FE model for bending tests. The isotropic FE femur model
can be employed with adequate precision in place of the more complex models since it
nearly approximates both the anisotropic FE femur models in bending. Due to the fewer
material constants needed for the simpler material models, simplifying the FE model makes
implementation simpler. Additionally, it makes model development and calculation more
time-effective.

3. Conclusions

The findings of this analysis provide credence to the following assertions: (1) for
material models of femur bone tissues in the elastic range of entire bone bending, material
anisotropy is not required, (2) simple non-linear isotropic material models accurately mimic
the bending behavior of actual bones, and (3) the material model of the bone tissues must
incorporate particular shear moduli in the plane of the shear when the entire femur bone
is being loaded in torsion. Additionally, the two crucial parameters in FE analysis of the
femur bone are the right material properties and the precise model of the human femur.
Although three material properties (isotropic, anisotropic, and orthotropic) were assigned
as properties of the femur bone, anisotropic material is the best choice because of the
different behaviors of the femur bone in different directions.
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