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Résumé :
Cette étude expérimentale et numérique vise à proposer une procédure permet-

tant l’obtention rapide d’une estimation des modules d’élasticité des phases solides de

biomatériaux poreux à base de polymères naturels destinés à l’ingénierie tissulaire de

l’os. La procédure s’appuie sur la comparaison des résultats expérimentaux fournis

par des essais de compression simple réalisés sur trois éprouvettes cylindriques et des

résultats de calculs aux éléments finis de divers éléments parallélépipèdiques réputés

être représentatifs du matériau considéré. Ces derniers sont de tailles différentes et

arbitrairement répartis au sein de deux reconstructions à très haute résolution par

tomographie à rayons X des éprouvettes testés. Pour cette première étude, le matériau

constitutif de la phase solide est supposé élastique linéaire, par souci de simplification.

Abstract :
The objective of this experimental and computational study was to propose a rapid

procedure allowing the obtention of an estimation of elastic moduli of solid phases

of porous natural-polymeric biomaterials used for bone tissue engineering. This pro-

cedure was based on the comparison of experimental results to finite element (FE)

responses of parallelepiped so-called representative volume elements (rev) of the ma-

terial at hand. To address this issue a series of quasi-static unconfined compression

tests were designed and performed on three prepared cylindrical biopolymer samples.

Subsequently, a computed tomography scan was performed on fabricated specimens

and two 3D images were reconstructed. Various parallelepiped revs of different sizes

and located at distinct places within both constructs were isolated and then analyzed

under unconfined compressive loads using FE modeling. In this preliminary study,

for the sake of simplicity, the solid phase constituent is assumed to be linear elastic.

Mots clefs : Biomatériaux poreux. Éléments finis. microto-
mographie. Élasticité.
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1 Introduction

Polysaccharides have emerged as promising biomaterials for tissue engineer-

ing purposes. By way of example, among these biological polymers, the natu-

rally abundant and renewable polymers, namely chitosan (CHI) and hyaluronic

acid (HA), have excellent properties such as, biocompatiblity, biodegradabil-

ity, and absorption [5, 10]. On the other hand, considerable attention has been

focused on microcomputed tomography (µCT), a non-destructive technique,

which yields 3D information of the material analyzed through high-fidelity

models constructed from data images. Besides, nowadays image-based mesh-

ing offers interesting opportunities based on microstructures scan data to com-

putational continuum micromechanics methods for material characterization

[2]. This approach turns out to be very attractive in materials science where

the link between macroscopic properties and the micro-structure of a material

is sought [6].

2 Materials and methods

2.1 Specimen preparation

Firstly, 2% (w/v) of chitosan was neutralized by the addition of β-glycerol-

phosphate (β-GP). Secondly, 0.6% (v/v) of hyaluronic acid was drop-added

with a volume ratio of 3:1. Hydrogels were obtained by chemical crosslinking

through the addition of genipin at 37 ◦C for about twelve hours. Finally, 3D

porous scaffolds were manufactured according the freeze-drying procedure.

The porosity of the investigated cylindrical samples, measured by the liquid

displacement method, was estimated to range from 80 to 91% with a pore size

of 50 to 150 µm, Fig. 1.

(a) Crosslinked scaffold; scale bar: 100 µm.

(b) Sample for uniaxial
compression test.

Figure 1: (a) SEM image of crosslinked scaffold. (b) Circular cylindrical spec-
imens for unconfined compression test and various so-called representative
volume elements of different sizes and located at distinct places.
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2.2 Unconfined compression tests

As a porous material, chitosan-hyaluronic acid based biomaterial tend to in-

volve compressive loading. The unconfined (or uniaxial) compression test

is often chosen to characterize porous materials because of the simplicity of

the testing configuration and the specimen test shape. A typical compression

test involves influence of specimen size, influence of porosity, and strain rates

effects on mechanical response of the material. Usually compression data

including e.g., Young’s modulus, yield stress and Poisson’s ratio, is obtained

from the measured force versus displacement curve. In this preliminary work,

unconfined compression tests were carried out first in order to obtain an ap-

praisal of the Young’s modulus E of built scaffolds.
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Figure 2: Unconfined compression tests: nominal stress vs. true strain curves
for crosslinked scaffolds. The 3 curves correspond to 3 distinct samples.

Circular cylindrical samples with about 10.0 mm in diameter and 9.0 mm

in height were subject to unconfined compression through an universal test-

ing machine at a strain rate of 2.0 × 10−3 s−1. Both chemical crosslinked and

uncrosslinked scaffolds were tested. In this communication the focus only is

on the former biomaterial for which Fig. 2 displays the obtained stress-strain

curves due to loading (increasing strain) and unloading (decreasing strain) for

three distinct samples. The curves seem to be linear for stresses up to about

100 kPa. The mean values of Young’ moduli of the samples were measured

as the slopes of linear elastic unloading curves. The averaged apparent experi-

mental Young’s modulus of the crosslinked scaffold was estimated to be equal

to 19.20 MPa.
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3 Finite element modelling

High-resolution three-dimensional µCT scan data of cylindrical samples were

obtained and the data were straightforwardly segmented using threshold and

flood fill tools in Simpleware’s ScanIP software [9]. The pixel size was 8.85 µm.

The 3D connectivity of the hard phase (polymer) turns out to be practically to-

tally interconnected, Fig. 1. As a trade-off, various parallelepiped specimens

having the same cross section Ao (0.345× 0.345, 0.522× 0.522, 0.699× 0.699

and 0.965× 0.965 mm2) with increasing thickness ho (0.345, 0.531, 0.708, and

0.965 mm) were used in this preliminary investigation. They were extracted

from the 3D image as shown in Fig. 1 (b). The corresponding 3D µCT im-

age data are converted into FE models. The parallelepiped specimens were

meshed with the same mesh density. The anti-aliasing techniques imple-

mented in this software are volume, topology and geometry preserving. Mixed

hexahedral and tetrahedral elements were generated. The element parameters

were adjusted to the software recommended aspect ratio in order to ensure the

highest mesh quality possible [9].

(a) Mesh geometry explicitly

showing the pores.

(b) Contour map of uz displacement [1].
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Figure 3: (a) FE mesh of a parallelepiped created from tomographic images [9].
(b) 3D visualization of the contour plot of the displacement component uz.

The various samples were subject to compression tests along the z-direction.

To this goal, a displacement which amplitude depends on the considered sam-

ple is imposed on top faces perpendicular to the z-direction, whereas the bot-

tom faces were fixed along z-direction and the four other faces remain free.

We made the assumption that the behavior of the solid phase of the consid-

ered porous biomaterials remains linear elastic during the whole process of

deformation. A series of FE analyses using Abaqus [1] were carried out under

compression loading conditions up to approximately 30% strain. It is believed
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that this is high enough to observe local deformation. By way of illustration,

Fig. 3 (a) shows a typical mesh geometry created from tomographic images

using Simpleware [9]. Prior to simulation as such, a wide number of analyses

were performed in order to get insight of the sensitivity of numerical predic-

tions to mesh density and segmentation parameters. Force and z-displacement

were recorded during the simulated compression test. The nominal compres-

sion stress σ was calculated as the ratio of the vertical total reaction force Fz

of the top moving face on its initial total area Ao: σ = Fz
Ao

. The true strain ǫ is

given by ǫ = ln( uz
ho
), where uz is the vertical displacement of the top moving

face and ho is the initial height of the sample under consideration.

4 Results and future directions

The whole simulated parallelepiped specimens exhibited a similar mechanical

trend under compression loading. By way of example, Fig. 3 (b) displays a

deformed contour plot of the uz component of the displacement u
¯

calculated

using the procedure described above. As regard our first simulation, the used

values of Young’s modulus and Poisson’s ratio of the porous biomaterials at

hand were obtained from a literature review dealing with chitosan, e.g., [8,

10]. It emerged that using these values yields a large overestimation of the

Young’ moduli in comparison to experimental results. In this communication

the foregoing FE modeling is used, thanks to the linearity of the problem

under consideration, to obtain an estimation of the Young’s modulus of the

chemical crosslinked biomaterials which preparation is shortly presented in

subsection 2.1: Ech ≈ 27.73 MPa. Using this value, the calculated apparent

Young’s modulus Ea of the scaffold are reported in Table 1 which also provides

its evolution as a function of the volume size of considered rves.

Table 1: Computed apparent Young’s modulus Ea as a function of the thickness
ho of the simulated parallelepiped representative material volume.

Ech = 27.73 MPa Averaged experimental Young’s modulus: 19.20 MPa

µCT construct sample 2 µCT construct sample 1

ho (µm) 345.2 345.2 345.2 522.2 522.2 692.2 964.5 345.2 522.2 699.2 964.7
Ea (MPa) 15.42 12.99 13.42 15.91 13.26 14.02 13.76 16.94 17.48 17.81 19.20

One has to notice that when the size of the simulated specimen is smaller

than the representative volume element of the material, the properties that

can be computed are not necessarily the effective properties but merely appar-

ent properties of the investigated volume [4]. Within the context of random
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heterogeneous materials, it should be kept in mind that larger computer facil-

ities would be necessary in order to analyze specimens with larger sizes. The

computer used throughout the present study is a standard PC.

The foregoing numerical model accounts for the micro architecture of the

porous polymeric biomaterials at hand. This prior work highlights that FE

models based on an accurate 3D model from µCT data are an essential tool to

quantify the effects of pores in complex material systems such as polymeric

biomaterials. The ease with which models can be generated would allow

us to account for, e.g., the hyperelastic and the viscoelastic behaviour of the

materials at hand [3, 7]. These constitutive models can be coupled with FE

biomechanical simulations to analyse the behaviour of chitosan-hyaluronic

acid based materials used as scaffolds for tissue engineering. These extensions

are contemplated as future works.
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