
journal of the mechanical behavior of biomedical materials 139 (2023) 105660

Available online 6 January 2023
1751-6161/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Investigating the post-yield behavior of mineralized bone fibril arrays using 
a 3D non-linear finite element unit-cell model 

Elham Alizadeh a,*, Sadik Omairey b, Philippe Zysset a 

a ARTORG Centre for Biomedical Engineering Research, University of Bern, Bern, Switzerland 
b Brunel Composites Centre, College of Engineering, Design and Physical Sciences, Brunel University London, London, UK   

A R T I C L E  I N F O   

Keywords: 
Fibril array 
Cohesive interaction 
Finite element model 
Bone 
Post-yield behavior 
Plasticity 
Experimental validation 
Extrafibrillar matrix 
Mineralized collagen fibril 

A B S T R A C T   

In this study, we propose a 3D non-linear finite element (FE) unit-cell model to investigate the post-yield 
behavior of mineralized collagen fibril arrays (FAY). We then compare the predictions of the model with 
recent micro-tensile and micropillar compression tests in both axial and transverse directions. The unit cell 
consists of mineralized collagen fibrils (MCFs) embedded in an extrafibrillar matrix (EFM), and the FE mesh is 
equipped with cohesive interactions and a custom plasticity model. The simulation results confirm that MCF 
plays a dominant role in load bearing prior to yielding under axial tensile loading. Damage was initiated via 
debonding in shear and progressive sliding at the MCF/EFM interface, and resulted in MCF pull-out until brittle 
failure. In transverse tensile loading, EFM carried most of the load in pre-yield deformation, and then mixed 
normal/shear debonding between MCF and EFM began to form, which eventually produced brittle delamination 
of the two phases. The loading/unloading FE analysis in compression along both axial and transverse directions 
demonstrated perfect plasticity without any reduction in elastic modulus, i.e., damage due to the interfaces as 
seen in micropillar compression. Beyond the brittle and ductile nature of the stress–strain curves, in tensile and 
compressive loading, the simulated post-yield behavior and failure mechanism are in good quantitative agree-
ment with the experimental observations. Our rather simple but efficient unit-cell FE model can reproduce 
qualitatively and quantitatively the mechanical behavior of bone ECM under tensile and compressive loading 
along the two main orientations. The model’s integration into higher length scales may be useful in describing 
the macroscopic post-yield and failure behavior of trabecular and cortical bone in greater detail.   

1. Introduction 

Bone stiffness plays a main role in musculoskeletal function while its 
strength and the ability to dissipate energy protect vital organs such as 
the brain, lungs, and heart (Weiner et al., 1999; Fratzl and Weinkamer, 
2007). Bone is a hierarchically structured bio-composite (Fig. 1) with 
various toughening mechanisms from the nanoscale to the macroscale 
(Rho et al., 1998; Reznikov et al., 2014). Type I collagen and hydroxy-
apatite platelets (HA), which are regarded as the basic constituents of 
bone, form mineralized collagen fibrils (MCF) embedded in an extra-
fibrillar matrix (EFM). The EFM, which is made of mineral particles 
coated with non-collagenous proteins (NCP) (Currey, 2013), and MCF 
are arranged into parallel fibril arrays (FAY) at the sub-microscale 
(Olszta et al., 2007; Hang and Barber, 2011). At the microscale, the 
lamellar structural units such as osteons and circumferential lamellae in 
compact bone or packets in trabecular bone are formed by different 

arrangements of FAY (Aoubiza et al., 1996; Dong and Guo, 2006; Parnell 
and Grimal, 2009). The mesoscale refers to cortical bone and porous 
trabecular bone, while the macroscale refers to the entire bone level 
(Nikel et al., 2018). 

Bone diseases such as osteoporosis have major physical, psychoso-
cial, and economic consequences, leading to a major socio-economic 
challenge in aging populations. A comprehensive understanding of the 
structure-mechanical properties and failure mechanism relationships of 
bone at different hierarchical scales may help to improve prevention, 
diagnosis and treatment of these diseases. The sub-micro-scale, which 
hosts the same FAY unit in cortical and trabecular bone, is one of the 
interesting length scales for explaining the underlying mechanisms of 
bone fracture. Thus, studying FAY post-yield behavior and quantifying 
how morphological variations at the sub-micro scale due to disease, 
aging, and treatment affect fracture processes at larger length scales 
could be beneficial (Hamed and Jasiuk, 2013). 
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A few studies investigated the elastic modulus of bone ECM using 
basic models such as Voigt, Reuss or shear lag (Jäger and Fratzl, 2000), 
continuum micromechanics theories (Fritsch and Hellmich, 2007; 
Nikolov and Raabe, 2008; Yoon and Cowin, 2008; Hamed et al., 2010; 
Reisinger et al., 2010) like the Mori and Tanaka scheme (MT) (Mori and 
Tanaka, 1973) or the self-consistent (SC) method (Hill, 1963; Budiansky, 
1965), and finite element (FE) models (Jasiuk and Ostoja-Starzewski, 
2004; Barkaoui et al., 2014). 

Alizadeh et al. (Alizadeh et al., 2020) presented recently a two-scale 
3D FE model of bone FAY in which a unit cell with periodic boundary 
conditions (BPC) was used to compute the apparent elastic properties 
under six canonical load cases. The FE models of bone ECM were cali-
brated using experimental tests on ovine micro-samples in both the axial 
and transverse directions (Schwiedrzik et al., 2014; Casari et al., 2021), 
and the FE results were compared to previous analytical methods. 
Beyond elastic properties, the FE models provide stress distribution 
within the MCF, EFM, and the resulting FAY and confirm the shear lag 
mechanisms at both hierarchical levels. A thorough sensitivity analysis 
reveals that the mineral volume fraction in the fibril array is the most 
influential parameter on the axial and transverse elastic moduli, and the 
MCF volume fraction in FAY is the most sensitive variable for the axial 
versus transverse elastic moduli ratio. 

There are some FE models that evaluate the post-yield mechanical 
behavior of single MCFs as in (Buehler, 2007; Siegmund et al., 2008; 
Barkaoui and Hambli, 2011; Barkaoui et al., 2011; Luo et al., 2011; 
Hambli and Barkaoui, 2012; Nair et al., 2013). However, the number of 
FE studies on the mechanical behavior of FAY or MCF arrays is limited. 

Hamed and Jasiuk presented a 2D FE model of bone ECM consisting 
of mineralized collagen fibril and water and evaluated the stress-strain 
response of FAY under tensile loading. The cohesive layer was placed 
at the interfaces of these two constituents to simulate damage within the 
FAY due to MCF sliding. The interaction was a weak one due to thick 
layer of water, and they assumed Van der Waals and viscous shear in-
teractions, respectively, for normal and shear mode properties of the 
cohesive zone (Hamed and Jasiuk, 2013). Lai and Yann numerically 
investigated the mechanical behavior of FAY using a 2D finite element 
model (FEM) of MCF embedded in an extrafibrillar protein matrix and 
utilized a cohesive zone model to simulate the extrafibrillar protein 
matrix. Three-point bending tests were performed on the FAY model, 
and the effects of MCF dimensions and failure energy in EFM were 
evaluated by varying MCF lengths, aspect ratios, and thicknesses, as well 
as different cohesive laws in EFM (Lai and Yan, 2017). De Falco et al. 
developed a 2D finite element model of antler bone containing MCFs 
connected through cohesive interfaces. The FE results of mineralized 
fibrils subjected to cyclic loading were compared to the experimental 

results, and the staggered fibril arrangement and damageable interface 
were identified as key parameters in controlling antler bone hysteresis 
under cyclic loading (De Falco et al., 2017). 

Wang and Ural evaluated the effect of MCF size and orientation on a 
3D finite element model of bone ECM containing mineralized collagen 
fibrils and a layer of cohesive elements on the outer surfaces of the 
MCFs, which represent the extrafibrillar matrix as an interface between 
the fibrils (Wang and Ural, 2018b). They also investigated the influence 
of mineral content, mineral distribution, and interaction between MCFs 
under axial and transverse tensile loading using an FE model of an MCF 
network (Wang and Ural, 2019). Wang and Ural used the previously 
presented FE model of the MCF network in another study to assess the 
effect of changes in the mechanical properties of MCFs and EFMs on the 
mechanical behavior of bone FAY under tensile loading in the axial and 
transverse directions (Wang and Ural, 2018a). 

Maghsoudi-Ganjeh et al. evaluated the mechanical behavior and 
failure mechanism of bone at the sub-lamellar level under compressive 
and tensile loading. They presented a 2D model in which the HA platelet 
was added to the collagen matrix with a layer of water and the mineral 
crystals bonded to each other with a thin layer of NCPs, forming the MCF 
and EFM, respectively (Maghsoudi-Ganjeh et al., 2019). The failure 
mechanism in compression began with relative sliding between HA 
crystals, and delamination between MCF and EFM and local buckling of 
MCF occurred as a result of shear bands. In tension, an array of mode-I 
nano-cracks appeared in model and as the applied load increased, the 
crack propagated leading to overall failure of model. 

Xu and An proposed a 2D numerical model of FAY including the 
mineralized collagen fibrils embedded in an extrafibrillar matrix. Plastic 
deformation of MCF, plastic deformation of EFM, and a cohesive zone 
model of the interface between MCF and EFM were considered in the 
model. The effect of MCF and EFM material properties, plastic defor-
mation in constituents, and interfaces between MCF and EFM on the 
energy dissipation of fibril arrays was investigated (Xu and An, 2020; An 
and Li, 2021). 

The mechanical behavior of FAY was recently studied in a few 
unique experimental studies. Schwiedrzik et al. (2014) investigated the 
mechanical behavior of a single osteonal lamellae in ovine bone using 
micropillar compression tests in a scanning electron microscope (SEM). 
The ovine osteons showed the uniaxial fibril orientation by BF-STEM 
images. 

(Schwiedrzik et al., 2017). The elastic modulus, yield stress, and 
failure mechanism of bone ECM were evaluated under monotonic and 
cyclic compression tests in both axial and transverse directions. Using 
micropillar compression tests, Ma et al. (2021) evaluated the mechani-
cal behavior of bovine bone samples fabricated from three adjacent 

Fig. 1. Hierarchical structure of bone.  

E. Alizadeh et al.                                                                                                                                                                                                                                



Journal of the Mechanical Behavior of Biomedical Materials 139 (2023) 105660

3

layers of single osteons. Using the proposed deformation theory, the 
effect of collagen fibril orientation on the mechanical behavior of the 
micropillar was investigated. 

Recently, Casari et al. (2019) presented a novel technology for 
investigating the mechanical behavior of specimens at the micro-scale 
under uniaxial tensile loading. The sample geometry was optimized 
using FE analysis, and the micro-tensile set-up promoted self-alignment 
to prevent stress concentrations outside the specimen gauge. Then, the 
setup was used to evaluate the mechanical behavior of ovine bone at the 
FAY level under tensile loading in both axial and transverse directions 
(Casari et al., 2021). 

The experimental results on ovine bone obtained by micro-tensile 
(Casari et al., 2021) and micropillar compression tests (Schwiedrzik 
et al., 2014) at the same scale and for the same tissue revealed the first 
experimental results of bone’s mechanical behavior at the FAY level 
under tension-compression loading in the axial and transverse 
directions. 

Another experimental study conducted by Fantler et al. revealed the 
separation between MCFs connected through extrafibrillar matrix at the 
FAY level (Fantner et al., 2005). Indeed, the bonds between MCFs break 
and the mineralized collagen fibrils separate from each other (Hassen-
kam et al., 2004; Thurner et al., 2007). Hang et al. used in situ atomic 
force microscopy to perform a fibril pull-out test on antler bone, which 
confirmed the antler bone’s weak MCF-EFM interfaces (Hang et al., 
2014). 

Most of the finite element models presented in the literature were 2D 
simulations based on a large number of unverifiable assumptions, 
particularly in the form of cohesive element parameters, and were not 
properly validated with experimental results under both compression 
and tension, as well as along the FAY’s axial and transverse directions. 

Accordingly, this work aims to extend the 3D unit-cell model of FAY 
proposed by Alizadeh et al. (Alizadeh et al., 2020), which was previously 
calibrated with experiments in the elastic regime (Schwiedrzik et al., 
2014; Casari et al., 2021), to investigate for the first time the post-yield 
behavior and damage mechanisms of bone ECM along axial and trans-
verse directions in both tensile and compressive loading. Plasticity and 
cohesive interfaces are used to study residual strain and damage accu-
mulation, respectively. Furthermore, a quantitative comparison with 
recent experiments is sought for all available loading cases. 

2. Materials and methods 

The periodic unit-cell FE model of the FAY, the elastic and plastic 
properties of the constituents, and the properties of the cohesive in-
terfaces between MCF and EFM are described in this section. 

2.1. Finite element analysis 

A three-dimensional finite element model was designed using the 
commercial FE program ABAQUS (Hibbitt, 2013; Dassault Systems, 
2014) to simulate the mechanical behavior and the failure mechanism of 
bone ECM. The solid continuum element—C3D8—a linear hexahedral 
eight-node brick element—comprising eight nodes with three trans-
lational degrees of freedom at each node with a maximum element size 
of 10 nm, was used in the FAY model. The element size was selected 
based on the mesh convergence study in which the ultimate strength 
changed with an error of 0.05% by dividing the original element size 
(10 nm) by 1.5. The overall damage mechanism and plastic behavior of 
the FAY did not change in convergence study. 

The element is applicable for different nonlinear analyses, like those 
of large deformation, contact, plasticity, and failure. It is also appro-
priate for avoiding shear locking problem. The geometrical nonlinearity 
of the analysis was enabled in the software by selecting the “Nlgeom” 
option. 

2.2. Fibril array model 

In our previous research (Alizadeh et al., 2020), a two-scale unit-cell 
model of bone at sub-micro level consisting of mineralized collagen fibril 
(MCF) and extrafibrillar matrix (EFM) resulting in fibril array (FAY) was 
developed and calibrated with experimental results (Schwiedrzik et al., 
2014; Casari et al., 2021) at the same scale to represent the elastic 
properties of bone ECM (Fig. 2). 

A unit cell with a width and height of 105.4 nm and 182 nm, 
respectively, was designed where the MCFs were arranged with hexag-
onal symmetry. The ratio of height to width of the hexahedral unit cell 
was assumed √3 for compatibility with a hexagonal pattern. The central 
MCF and the four quarters of MCF in the corners had a radius of 50 nm, 
an aspect ratio of 100 nm, and were surrounded by EFM to form the FAY 
model. Gap zones of 200 nm were assumed in the middle part of the 
central MCF and at both ends of the corner MCFs that were filled with 
EFM. A volume fraction of 0.8 was considered for MCF in the FAY. The 
density of HA was considered approximately 3.1 g

cm3 and the density of 
collagen and NCP were assumed almost 1.18 g

cm3, thus the volume frac-
tion of HA in FAY was selected as 0.423 to maintain the tissue density 
around 2 g

cm3. 
To simulate the observed brittle and ductile behavior in bone ECM 

micro samples under tensile and compressive loading, respectively, 
cohesive interactions were placed in model and plasticity model was 
assumed for both MCF and EFM phases. The following sections describe 
the mechanical properties of the phases, specifically the plasticity model 
and the cohesive interfaces. 

2.3. Material properties 

Table 1 shows the elastic properties of the transverse isotropic MCF 
and isotropic EFM phases used in the FE analyses. 

A user material code (UMAT) (Schwiedrzik and Zysset, 2013) was 
exploited to model the plasticity of MCF and EFM in which an eccentric 
elliptical isotropic yield surface was postulated in strain space and the 
compliance tensor was used to transform it to a stress-based criterion. 

Fig. 2. Unit cell finite element model of bone ECM (Alizadeh et al., 2020).  
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Material identification is simplified by using an isotropic yield surface in 
strain space as only two independent material properties, including 
uniaxial tensile and compressive yield strains, are needed to define an 
anisotropic yield surface in stress space. A scalar function of the 
cumulated plastic strain (SDV) was used to illustrate the extent of plastic 
strain history in the material code. No damage, that is, no reduction of 
the elastic properties, was considered. 

The use of an existing plasticity model for non-isotropic materials 
with a small number of material constants is an advantage of this 
approach. 

Table 2 shows the yield properties of MCFs and EFMs, where εP
0 and 

εN
0 represent the uniaxial tensile and compressive yield strains, 

respectively. 

2.3.1. Cohesive interfaces 
To simulate the damage mechanism, including debonding and 

sliding between the MCF and EFM phases, the cohesive behavior in 
Abaqus was utilized. The cohesive interaction is formulated using a 
cohesive zone model (CZM) for simulating the fracture mechanism at 
the crack tip and traction-separation laws ahead of the crack tip, relating 
the process area opening displacement to the resisting tractions (Dug-
dale, 1960; Barenblatt, 1962). 

The traction-separation model employed in the current study is 
plotted in Fig. 3a. The model consists of an initial linear elastic behavior 
which continues with damage initiation and damage evolution phases. 
The parameters tmax and δ◦

m denote, respectively, the maximum values of 
contact traction and separation in purely normal or shear modes when 
damage and debonding are initiated. The δf

m parameter indicates the 
separation at final failure (Dassault Systems, 2014). 

As provided in Eq. (1), the elastic stiffness tensor K relates the normal 
and shear tractions (tn, ts,and tt) to the normal and shear separations (δn,

δs,and δt) along the contact surfaces in the linear elastic phase. 
Although the K matrix (Eq. (1)) characterizing a coupled relation 

between normal and shear tractions and separations consists of six terms 
due to its symmetry, several researchers (Chen and Teng, 2001; De 
Moura and Chousal, 2006; De Lorenzis et al., 2013; Park et al., 2016; 
Moslemi et al., 2020, 2021) indicate that the accuracy of the uncoupled 
form is sufficient. Thus, the non-diagonal components of K were 
assumed to be zero here. 

t=

⎧
⎨

⎩

tn
ts
tt

⎫
⎬

⎭
= kδ=

⎡

⎣
Knn 0 0
0 Kss 0
0 0 Ktt

⎤

⎦

⎧
⎨

⎩

δn
δs
δt

⎫
⎬

⎭
(1) 

In normal and shear modes, the bilinear traction-separation response 
(Fig. 3a) can be described by Eq. (2), where Di is the damage variable. 

ti =

⎧
⎪⎪⎨

⎪⎪⎩

Kiiδi, δi ≤ δ
◦

m

(1 − Di)Kiiδi,

0 , δf
m ≤ δi

δ
◦

m < δi < δf
m (2) 

Using the cohesive behavior model without the damage parameter 
leads to a linear elastic interaction. The damage item was added to the 
cohesive behavior in FE in the current study, including damage initia-
tion and damage evolution (Hibbitt, 2013). 

The maximum stress criterion was employed in which the damage is 
initiated in cohesive interfaces when the maximum contact ratio reaches 
the value of 1 (Eq. (3)). In Eq. (3), the peak value of contact stress, 
respectively, in normal and first or second shear directions, is designated 
by t◦n, t◦s and t◦t (Hibbitt, 2013). Only a positive, i.e. tensile normal 
traction can activate damage. 

max
{

tn

t◦n
,
ts

t◦s
,

tt

t◦t

}

(3) 

Then, the displacement criterion was used as a damage evolution 
factor to simulate the degradation in cohesive stiffness. Besides, in order 
to prevent penetration of elements in simulation, the hard contact model 
was used as a pressure-overclosure response in normal behavior 
(Fig. 3b) (Hibbitt, 2013; Dassault Systems, 2014). 

As shown in Fig. 4, the MCF-EFM cohesive interactions were intro-
duced between these two phases to simulate potential damage sites in 
the FAY model, and an MCF-MCF transverse interaction was defined at 
mid-length where the stresses are highest to include the possibility of 
MCF failure. 

In finite element studies of ovine bone available in literature, the 
cohesive elements between constituents were applied and the electro-
static, water surface tension, van der Waals or viscous shear for normal 
and shear mode of cohesive elements were assumed (Hamed et al., 2010; 
Luo et al., 2011; Maghsoudi-Ganjeh et al., 2019; Xu and An, 2020) or the 
shear strength measured by Hang and Barber for antler bone (Hang and 
Barber, 2011; Wang and Ural, 2018a) was utilized in the simulation. It is 
noteworthy that in the current study, the FE model was used to simulate 
the fibril pull-out test performed by Hang et al. (Hang et al., 2014) on 
antler bone and the required shear properties in the cohesive in-
teractions were compared with those experimental results (Hang et al., 
2014) which fitted rather well with each other. 

In current FE model, the K parameter was calculated by dividing the 
NCP’s elastic modulus over its thickness (Eq. (4)). The NCP’s elastic 
modulus (ENCP = 0.6 GPa) and thickness (dNCP = 0.24 nm) are derived 
from our previous two-scale modeling of bone ECM (Alizadeh et al., 
2020). The strength in normal mode was fitted to the required 
debonding strength in cohesive interactions under tensile loading, and 
the ratio of shear strength to the normal strength was taken as the ratio 
of MCF’s diameter to its length. The value of δ◦

m was obtained by dividing 
the strength to stiffness (Eq. (1)) and the contact separation at final 
failure (δf

m) was assumed twice the contact separation when debonding 
is initiated (δ◦

m). The material properties used in cohesive interfaces in 
this study including, t, and the corresponding δ◦

m are presented in 
Table 3 revealing for the first time the stiffness, normal and shear 
strength, and contact separation of interfaces for ovine bone at lamellar 
level. The shear strength in the current study was almost 3.5 MPa, which 
is in the (broad) shear strength range (0.6–64 MPa) of cohesive elements 
used in other studies (Luo et al., 2011; Hamed and Jasiuk, 2013; Hang 
et al., 2014; De Falco et al., 2017; Lai and Yan, 2017; Wang and Ural, 
2018b, 2019; Maghsoudi-Ganjeh et al., 2019; Xu and An, 2020). 

K =
ENCP

tNCP
= 2.5

N
μm3 (4)  

Table 1 
Elastic moduli (GPa) and Poisson’s ratio of constituents in the FE model (Alizadeh et al., 2020).  

Constituents E1 E2 E3 ϑ23 ϑ31 ϑ12 G23 G13 G12 

MCF 12.98 12.98 30.91 0.12 0.28 0.23 4.17 4.17 5.25 
EFM 25.34 25.34 25.34 0.08 0.08 0.08 4.44 4.44 4.44  

Table 2 
Uniaxial yield strains in MCF and EFM.  

Strain Phases 

MCF EFM 

εN
0 0.035 0.03 

εP
0 0.023 0.02  
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2.4. Periodic boundary condition 

In order to reduce the numerical simulation costs, a representative 
volume element (RVE) in the form of a unit cell with periodic boundary 
conditions (PBC) was employed, and four different loading cases, 
including tensile and compressive load in axial and transverse di-
rections, were applied in four analyses. The description of the utilized 
PBC code is provided in Appendix A. 

3. Results 

3.1. Stress-strain results of bone ECM under tensile and compressive 
loading 

The FE stress-strain results of bone ECM under tensile and 
compressive loading in axial and transverse directions are presented in 
Fig. 5, in which the bone ECM shows brittle behavior under tensile axial 

Fig. 3. Contact behavior used in FEM (a)Traction-separation behavior, (b) Hard contact pressure-overclosure contact response (Dassault Systems, 2014).  

Fig. 4. Cohesive interactions in FE model of bone ECM, (a) longitudinal MCF-EFM interactions and transverse MCF-MCF interaction at the middle part of FAY, (b) 
longitudinal and transverse MCF-EFM interactions at the end part of FAY, (c) Interfaces in the gap zone inside the model at middle part of length after removing the 
external EFM constituent (In current FE model, the interfaces at the ends of the central MCF were ignored). 
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and transverse loading and ductile behavior under compressive loading 
in both axial and transverse directions. 

The simulation results of tensile axial loading (Fig. 5a) indicate that 
the stress–strain curve started with an initial linear response. Stretching 
the FAY causes interfacial shear and debonding damage between MCF 
and EFM, and as the applied strain increases, the stress reaches its 
maximum strength (~0.35 GPa) at around 1.36% strain. Thereafter, the 
stress gradually dropped to 0.05 GPa (ε33 = 1.38%) because of multiple 
damage patterns (e.g., sliding and interface debonding) showing the 
load transfer from MCF to EFM. The final failure of bone ECM under 
tensile axial loading was fibril failure at mid-length and fibril pull-out. 

The model-predicted stress-strain curve under transverse tensile 
loading (Fig. 5b) was initiated with a linear elastic behavior, and after 
increasing the applied strain, the interfacial damage began to start and 
evolve in the model. The stress peaked at ~0.136 GPa at ε11 = 1.05% 

and then fell to 0.02 GPa due to the debonding between the MCF-EFM 
phases. 

The simulation results of FAY under compressive loading and 
unloading (Fig. 5c and d) showed a linear elastic response at the start of 
the stress-strain curve, and as the strain increased, sliding between MCF- 
EFM constituents occurred, and the stress-strain curve yielded followed 
by a perfect plasticity response. 

The stress-strain results of numerical simulation under tensile 
loading and compressive loading/unloading are compared with exper-
imental results (Schwiedrzik et al., 2014; Casari et al., 2021) (Fig. 5), 
and the ultimate strength and the stress-strain behavior obtained from 
simulation results matched well with those from the experiments. The 
elastic modulus difference between numerical and experimental results 
is due to visco and poroelasticity, which are not included in our nu-
merical simulations. Indeed, the higher elastic modulus in FE result in 
comparison with experimental results is due to the instantaneous or 
undrained elastic modulus used in FE models. 

3.2. Mechanical behavior of FAY under tensile loading 

3.2.1. Axial tensile loading stress distribution and failure mechanism 
This section discusses the stress distribution and failure mechanisms 

of bone ECM under axial tensile loading, such as progressive failure of 
cohesive interactions, sliding and debonding between MCF and EFM 
constituents, fibril pull-out and fibril failure. 

The damage evolution in cohesive interactions is shown with the 
scalar stiffness degradation for cohesive surfaces (CSDMG) under axial 
tensile loading at different strains (Fig. 6). The cohesive interface 
damage criterion (CSDMG) shifts from zero (blue) to one (red), revealing 
both undamaged interfaces and complete failure in cohesive in-
teractions, respectively. 

Table 3 
Material data used in modeling the cohesive interfaces (the contact separation 
(δ◦

m) presented in the table is calculated based on Eq. (1) using K and t 
parameters).  

Interactions Fracture Mode K 

(
N

μm3) 

t (GPa)  δ
◦

m (μm) 

MCF-MCF Normal mode 
(I) 

2.5 3.8×

10− 1 
1.52×

10− 4 

Shear mode 
(II) 

2.5 3.8×

10− 3 
1.52×

10− 6 

MCF-EFM Normal mode 
(I) 

2.5 3.5×

10− 1 
1.40×

10− 4 

Shear mode 
(II) 

2.5 3.5×

10− 3 
1.40×

10− 6  

Fig. 5. Numerical results under tensile loading and compressive loading/unloading and experimental results of bone ECM, (a) axial tensile, (b) transverse tensile, (c) 
axial compression, (d) transverse compression (The difference between elastic modulus in numerical and experimental results is due to the visco- and poroelasticity 
which is not included in numerical analysis) (Schwiedrzik et al., 2014; Casari et al., 2021). 
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Due to the symmetry of the damage mechanism in cohesive in-
teractions, only the half-length of the fibril array is shown in Fig. 6 (FAY 
is cut in the transverse direction at the middle part of the length (T-C)) 
under three strain values, including 0.41, 1.36 (peak load) and 1.38 
percent (complete failure). For each strain level, two FAY models show 
the cohesive interfaces at the corner of FAY by removing the MCF at the 
corner (6 a-I, b-I, c-I), and at the central part of FAY (6 a-II, b-II, c-II), by 

removing the central MCF and cutting the FAY in the longitudinal di-
rection (L-C), in addition to the transverse cut in the middle of FAY (T- 
C). 

The failure mechanism in cohesive interfaces was initiated simulta-
neously at the ends and at the middle of the FAY and propagated through 
the length with increasing strains. As shown in Fig. 7, the longitudinal 
interfaces (MCF-EFM interactions) and transverse MCF-EFM and MCF- 

Fig. 6. Damage propagation (CSDMG) at corner and central MCF-EFM cohesive interactions of FAY under axial tensile loading (Z direction) at different applied 
strains, (a) ε = 0.41 % , (b) ε = 1.36 %, (c) ε = 1.37 % (only half-length of the FAY is shown due to symmetry). 

Fig. 7. Stress distribution and failure mode of FAY at different applied strains under axial tensile loading (Z direction), (a) = 0.41 % , (b) ε = 1.36 %, (c) ε = 1.37 % 
((C–I), (C-II) Fibril pull-out and sliding at two ends, (C-III) EFM part and MCF-MCF interface failure (Unit: N

μm2). 
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MCF interactions were completely debonded, allowing for fibril pull-out 
at maximum strain. 

Fig. 7 depicts the stress distribution and damage mechanism of FAY 
under axial tensile load, including longitudinal sliding and fibril pull-out 
at two ends, fibril debonding inside the model, and fibril failure due to 
MCF-MCF interaction damage. 

During the pre-yield deformation (at a low value of strain), the axial 
tensile stresses in MCF were higher than in EFM, indicating that MCF 
was the primary load-sustaining constituent and the sliding between 
MCF and EFM constituents started under loading (Fig. 7a). As the model 
was further stretched, the sliding between fiber and matrix was propa-
gated and the traction in the transverse cohesive interactions (MCF-EFM 
and MCF-MCF) reached the critical strength. Following that, the sepa-
ration in cohesive interfaces exceeded the failure separation, and 
debonding between MCF and EFM occurred at 1.36 (Fig. 7b), with the 
axial normal load still primarily sustained by the MCF. As axial strain 
increased, the damage in MCF-EFM longitudinal interaction propagated 
through the full length (Fig. 6c), leading to fibril pull out, and eventu-
ally, the overall failure of the model occurred (Fig. 7c). Following fibril 
pull-out, the central MCF moved to the outside and the inside of the FAY 
at the two ends (as shown in Fig. 7c–I and c-II). Besides, the fibril failure 
occurred in the middle part of FAY during the loading process and the 
damage criterion in MCF-MCF cohesive interactions reached its 
maximum value as presented in Fig. 7c–III. It is worth noting that load 
was gradually transferred to the remaining EFM during the post-yield 
deformation (Fig. 7c–III). 

The experimental results of bone ECM (Casari et al., 2021) indicated 
that the MCF-EFM interfaces shear failure and fibril pull out occurred 
under tensile axial loading, which is reflected in our numerical results at 
this stage. 

3.2.2. Transverse tensile loading stress distribution and failure mechanism 
Using the CSDMG criterion, the damage evolution in cohesive in-

terfaces under transverse tensile loading at different applied strains is 
presented in Fig. 8. The status of the ends and the central cohesive in-
terfaces are shown at each strain level by providing two FAY represen-
tations, which are both cut at the middle due to symmetry. 

In order to demonstrate the progressive failure in the interfaces, the 

MCF part at the corner is removed from the FAY model as shown in 
Fig. 8a–I, b-I, the central MCF is separated from the FAY model in 
Fig. 8a–II, b-II, and the model is cut in the longitudinal direction (L-C). 
Fig. 8a–b shows that the damage mechanism in visible interfaces was 
initiated from the top (normal) surface of the MCF and propagated to the 
bottom (tangent) surface due to normal loading in the transverse di-
rection, which occurred in all longitudinal interfaces of FAY due to 
symmetry. 

Fig. 8b–I reveals that the damage mechanism in the interfaces tends 
to progress from the middle towards the ends, and there is still weak 
adhesion in some sites along the length. 

Stress distribution and fibril-matrix debonding under transverse 
tensile loading at the corner and middle part of FAY are shown in Fig. 9a 
and b, respectively. Transverse normalstress in EFM was higher than 
that of MCF subunits due to MCF debonding, showing that EFM was the 
load-carrying constituent. The stress concentration in FAY, which is 
shown at the ends and in the middle, is due to the transverse continuity 
of EFM constituents located in the gap regions. 

Because of the transverse normal loading in FAY, traction in the 
cohesive elements at several parts of the MCF-EFM interfaces reached 
critical strength, and cohesive damage was initiated (Fig. 9) and evolved 
in those MCF-EFM interfaces. Further stretching of the model caused the 
interfaces between adjacent MCF and EFM subunits to undergo sepa-
ration and eventually resulted in delamination between the two con-
stituents. As reported in the recent micro-tensile test (Casari et al., 
2021), delamination between EFM and MCF caused the FE model to fail 
under transverse tensile loading. 

3.3. Mechanical behavior of FAY under compressive loading 

3.3.1. Axial compressive loading stress distribution and failure mechanism 
The stress distribution of FAY under axial compressive loading at the 

end and middle part is shown in Fig. 10, and the cumulated plastic 
strains (SDV1) under the two applied strains is given in Fig. 11. 

As shown in Fig. 10, the higher stresses in the MCF compared to the 
EFM phase confirm that the axial load is mainly sustained by the MCF 
(the blue to red colors in the plot show the highest to the lowest values of 
stresses) and Fig. 11 indicates the almost similar cumulated plastic 

Fig. 8. Damage propagation (CSDMG) at the end and in the central MCF-EFM cohesive interactions of FAY under transverse tensile loading (X direction) at different 
applied strains, (a) ε = 0.50 % , (b) ε = 1.05 % (the FAY model is cut in the middle due to symmetry). 
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strains in the MCF and EFM phases under axial compressive loading. The 
numerical results of the FAY model under axial compressive loading 
(Figs. 10 and 11) reveal the plasticity and MCF-EFM sliding, which are 
compatible with experimental results reported in the micropillar 
compression test of ovine lamellar bone (Schwiedrzik et al., 2014). 

3.3.2. Transverse compressive loading stress distribution and failure 
mechanism 

The stress distribution of FAY under transverse compressive loading 
is shown in Fig. 12, and the cumulated plastic strains under two strain 
levels are shown in Fig. 13. The numerical results show that the EFM is 
the load-bearing phase under transverse compressive loading, and the 
plasticity appearing in the model fits with experimental results of 
micropillar compression tests in the transverse direction (Schwiedrzik 

et al., 2014). The higher value of cumulated plastic strains in the MCF 
constituent is most likely due to the lower stiffness of transversely 
isotropic MCF material in the transverse direction compared with the 
isotropic EFM phase (Fig. 13). 

4. Discussion and conclusion 

The aim of this study was to develop an efficient FE model of a 
uniaxial mineralized collagen fibril array (FAY) to represent its load 
transfer, post-yield behavior, and failure mechanism under tensile and 
compressive loading in both axial and transverse directions. As a result, 
our 3D unit-cell FE model of FAY calibrated for linear elasticity (Aliza-
deh et al., 2020) was equipped with cohesive interactions and plasticity 
constitutive models to simulate the anisotropic post-yield properties of 

Fig. 9. Stress distribution and MCF-EFM debonding in FAY under transverse tensile loading (x direction), (a) at the end and (b) in the middle of the FAY (Unit: N
μm2).  
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Fig. 10. Stress distribution and MCF-EFM debonding in FAY under axial compressive loading (Z direction), (a) at the end, (b) at the middle of the FAY (Unit: N
μm2) (the 

blue color shows the highest stress intensity). 

Fig. 11. Cumulated plastic strains (SDV1) in FAY under axial compressive loading (Z direction) at the end and the middle of the FAY under different strain levels, (a) 
2% , (b) 10% (Unit: N

μm2). 
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the FAY recently measured by micropillar compression (Schwiedrzik 
et al., 2014) and micro-tensile tests (Schwiedrzik et al., 2014), (Casari 
et al., 2021). 

According to the reported failure mechanisms in these experimental 
investigations, the damage in axial tensile loading (Casari et al., 2021) 
occurs in shear at the MCF/EFM interfaces, leads to fibril pull-out, re-
sults in brittle failure, and a rough and porous fracture surface. In tensile 
transverse loading (Casari et al., 2021), failure also occurred at the 
MCF-EFM interface but in a mixed normal and shear mode. Micropillar 
compression tests, on the other hand, revealed a plastic onset followed 
by MCF-EFM interface failure at higher strains in both the axial and 
transverse loading directions (Schwiedrzik et al., 2014). 

Damage accumulation and strength of our unit-cell FAY finite 
element model (Alizadeh et al., 2020) were evaluated by using cohesive 
interactions between MCF and EFM and in a transverse plane at the 
central part of the MCF. The mechanical properties of cohesive 

interactions between constituents of ovine bone ECM were calculated 
here for the first time by using our previous study (Alizadeh et al., 2020) 
and calibrating our current FE model with experimental results 
(Schwiedrzik et al., 2014; Casari et al., 2021). Using a custom UMAT 
(Schwiedrzik and Zysset, 2013) to define plasticity in the model, 
isotropic yield strain was assumed in the EFM and MCF, and thus 
transversely isotropic yield strength in the MCF. 

The non-linear bone FAY model was investigated, and the FAY FE 
stress-strain curves were compared with micropillar and micro-tensile 
tests (Schwiedrzik et al., 2014; Casari et al., 2021), which matched 
well with the individual experiments in both axial and transverse di-
rections, indicating brittle and ductile behavior for tensile and 
compressive loading, respectively. In addition to the similarity between 
stress-strain results predicted by the FE simulation and those obtained 
by the experiment, the failure mechanisms of our model are also in good 
agreement with the experimental observations. The finite element 

Fig. 12. Stress distribution in FAY under transverse compressive loading (Z direction), (a) at end part, (b) at middle part of FAY (Unit: N
μm2) (the blue color shows the 

highest stress intensity). 

Fig. 13. Cumulated plastic strains (SDV1) in FAY under transverse compressive loading (Z direction) at the end and the middle of the FAY under different strain 
levels, (a) 2.5% , (b) 13% (Unit: N

μm2). 
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results in the current study indicated that under axial tensile loading, 
shear failure in MCF-EFM interaction was initiated at the load transfer 
zones between MCF and EFM and fibril failure occurred where maximal 
stress appeared in the MCF. As the applied load increased, the shear 
failure eventually developed throughout the entire length, leading to 
fibril pull-out failure. The damage mechanism, including debonding and 
sliding, prevents the load transfer from MCF to EFM in FAY to sustain 
tensile axial loading. Furthermore, normal failure in MCF-EFM in-
terfaces and debonding between MCF and EFM occurred under trans-
verse tensile loading, causing the brittle behavior of bone ECM. Indeed, 
the predicted FE models could improve the detailed understanding of 
how and where progressive damage formation occurs under tensile 
loading. 

Another evidence which supports the presented FE model is the good 
agreement between simulation prediction and experimental observation 
(Schwiedrzik et al., 2014) in compressive loading, indicating the plas-
ticity, ductile behavior, and sliding between MCF and EFM layers in 
axial and transverse directions. The unloading curves of compressive 
simulation demonstrated perfect plasticity without significant reduction 
of elastic modulus and consequently damage in the FE unit-cell model 
corresponding to the micropillar compression test (Schwiedrzik et al., 
2014) in which the single bone lamellae showed high strength and 
ductility but no damage. In fact, damage appears at a higher scale of 
bone under compressive loading through stress concentration around 
heterogeneities. Under compressive loading, the macroscopic response 
of bone containing several osteons reveals significant damage and cracks 
with lower strength and ductility when compared to the bone lamellar 
level (Schwiedrzik et al., 2014). 

Indeed, the strength and failure mechanism of bone ECM under 
tensile and compressive loading in both axial and transverse directions 
reproduced the experimental observations and provided the average 
bone material parameters at this scale. 

Although the mechanical behavior of bone captured using our FE 
model is consistent with the experimental studies, it has some limita-
tions. A 3D unit-cell model was used with periodic boundary conditions 
to simulate efficiently a mean nonlinear response of bone ECM under 
different loading cases. However, this approach does not account for the 
statistical distribution of the geometrical features and material proper-
ties. The cylinders with transversal cohesive surfaces were used to model 
the MCFs and interactions between two phases in FAY leading to some 
limitations in modeling the failure mechanism compared to the more 
realistic conical shape of the mineralized collagen fibrils. Viscoelasticity 
and poroelasticity were not modeled in the current work and the plas-
ticity model without damage and a low number of material constants 

was used, which reproduces properly the behavior of FAY compared 
with experimental results (Schwiedrzik et al., 2014). It is difficult to 
determine the cohesive interface properties of bone ECM using inde-
pendent experimental tests, and those values were calculated for ovine 
bone based on calibrating our FE model with the experiments 
(Schwiedrzik et al., 2014; Casari et al., 2021). 

The 3D FE model of bone at the lamellar level presented here 
reproduced for the first time the post-yield behavior, failure mechanism, 
and strength tension-compression asymmetry of bone under both axial 
and transverse loading cases of state-of-the-art micro pillar compression 
and micro-tensile experimental results (Schwiedrzik et al., 2014; Casari 
et al., 2021). The proposed FE model could be exploited as an input for 
the investigation of the post-yield properties of various architectures of 
lamellar bone (Razi et al., 2020), and ultimately, the mesoscopic 
post-yield behavior of compact and trabecular bone could be derived. 
Clarifying the relationships between multi-scale bone organization and 
macroscopic strength will help refining the diagnosis of bone fragility, 
improving primary stability of implants in bone and contributing to the 
design of novel biomimetic materials. 
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Appendix A 

The unit-cell models with PBC were used in the current study in which the aim was to use the standard EasyPBC homogenization tool in ABAQUS 
FEA software (Omairey et al., 2019) to estimate the strength and failure mechanism of the modeled RVEs as it offers the freedom to create a wider 
range of geometries in the pre-processing and extended access to the post-processing analysis data. The EasyPBC tool implements homogenization by 
numerically imposing uniform strains and deformations on the RVE to obtain the overall engineering moduli. However, the current version of EasyPBC 
is limited to analyzing RVEs that consist of a single assembly instance; in other words, RVE phases must be analyzed as fully connected interfaces. 
Given the fact that one of the objectives of this study is investigating the interface behavior between the different phases, EasyPBC has been developed 
further to allow the analysis of multiple instances, in this case, MCFs and EFM phases. To achieve this, the following changes were implemented: 

The code is amended to search for the different boundary surfaces of the RVE in all existing instances rather than the pre-defined instance in the 
stranded version of the plugin. This also included changes to how each node set’s information is stored, namely the inclusion of instance name along 
with node label as labelling number restarts from 1 for each instance. This is necessary to ensure that nodes have corresponded correctly. 

In the standard code, the generated node sets are sorted to facilitate the linking of nodal degrees of freedom to implement PBCs. To achieve this, for 
each node in associated sets/pairs, the code identifies its corresponding node in the opposite set when the coordinate difference between the two nodes 
is smaller than a specified mapping accuracy. Once a pair of nodes is found, both are appended in the same order in their sets. However, given that 
there are multiple instances in this study, interface nodes at the boundaries of the RVE can have the same coordinate yet belong to different instances; 
Therefore, an additional condition is added to ensure that opposite nodes are linked when the material of the instances match, shown in Fig. 14. To aid 
the matching algorithm, instances are named with distinct “MCF” and “EFM” wording. 
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Fig. 14. Mechanism used to add nodes within associated sets (Omairey et al., 2019).  
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