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Abstract 

In the setting of emerging approaches for material design, we investigate the use of 

extended finite element method (XFEM) to predict the behavior of a newly designed bone-

inspired fiber-reinforced composite and to elucidate the role of the characteristic 

microstructural features and interfaces on the overall fracture behavior. The outcome of the 

simulations, showing a good agreement with the experimental results, reveals the 

fundamental role played by the heterogeneous microstructure in altering the stress field, 

reducing the stress concentration at the crack tip, and the crucial role of the interface region 

(i.e. cement line) in fostering the activation of characteristic toughening mechanisms, thus 

increasing the overall flaw tolerance of the composite. 

Keywords:  

B. Fracture 

C. Numerical analysis; Computational modeling; 

XFEM (Extended Finite Element Method) 
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1. Introduction

Optimized for billions of years, many natural materials are considered today models

of ideal design, being simultaneously lightweight, stiff, strong and tough. Examples are 

bone, which provides supports to many animal bodies, nacre and seashells, working as 

natural body armors and providing protection from external predators’ attacks, bamboo, 

whose gradient structure guarantees an augmented flexural rigidity, enabling protection 

from crosswind and gravity. Ancient but ever-intriguing, these materials are paradigms of 

natural structural composites, made of few universal constituents and achieving - through a 

sophisticated design – a unique combination of mechanical properties, bypassing the trade-

off faced by synthetic engineering materials [1]. Traditional structural materials, indeed, 

continuously face a typical engineering issue of satisfying both strength and toughness 

requirements. For instance, ceramics provide high strength with a low toughness, whereas 

steel and metals have high toughness and a limited strength. Composites often represent a 

good compromise, being lightweight and stiff and offering a good balance with strength-

toughness [2]. In particular, fiber-reinforced composites, which present the highest 

stiffness-to-weight and strength-to-weight ratio, represent an attractive solution for 

structural applications where the weight is a crucial aspect (e.g. automotive and aerospace) 

[3–5]. However, they often fail in a brittle way. Enhancing the fracture toughness, by 

promoting larger energy release before failure, will increase the intrinsic safety of such 

materials, also fostering their adoption for diverse structural applications. 

Drawing inspiration from nature can offer a path towards enhancing their resistance 

to fracture. Bone, in particular, may represent an excellent biomimetic model for novel 

composite design. Bone is a lightweight strong and tough natural composite made of 
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hydroxyapatite mineral crystals, providing stiffness and strength, interspersed into an 

organic matrix (mainly made of collagen) that confers flexibility to the whole tissue. These 

two building blocks (hydroxyapatite and collagen), arranged into a multiscale hierarchical 

structure, create a unique composite, whose overall properties far exceed those of the 

individual components, especially fracture toughness [6]. The enhancement of fracture 

toughness, occurring in bone, is due to the coexistence of intrinsic and extrinsic 

mechanisms: the former increase microstructural resistance to crack initiation and growth, 

whereas the latter act behind the crack tip, reducing the crack-driving force [7]. These 

mechanisms mainly occur at micro-to-nanoscale and the microstructural organization is 

thought to play a crucial role in improving toughness, by promoting the activation of such 

mechanisms. Bone microstructure is generally characterized by repeating cylindrical 

features, called osteons, made by concentric lamellae and a central vascular canal, aka 

Haversian c. The outer boundaries of the osteons are surrounded by a sheath, named cement 

line, which is a weak interface resulting from the remodeling process (Fig. 1(a)) and 

playing an active role in enhancing bone toughness. At this scale, two main toughening 

mechanisms can be identified: crack bridging and crack deflection/twisting [8,9]. Crack 

bridging occurs when microcracks form ahead of the propagating crack, inhibiting its 

progress. Crack deflection/twisting occurs primarily in the transverse direction, where the 

osteons and the cement line are able to deflect the crack path, increasing the energy 

dissipation and toughening the material.  

The microstructure has also shown to widely affect the mechanical properties of 

other materials [2,10]. Guan et al [11] demonstrated how the fiber network microstructure 

can alter not only the mechanical properties, but also the failure mechanism of natural 
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composites. Bermejo [12] confirmed the influence of a tailored microarchitecture on the 

crack path, thus affecting the overall fracture behavior. In composite manufacturing, 

techniques that introduce an out-of-plane pin or fiber (e.g. stitching and z-pinning) affecting 

the overall microstructure, have also proven to enhance the composite fracture toughness 

[13–15]. 

In the literature, there are many studies investigating the cortical bone fracture 

toughening mechanisms and seeking possible applications on composite materials [16–23]. 

However, only few of them have manufactured bone-inspired composite materials and 

successfully implemented some of the characteristic bone toughening mechanisms into the 

synthetic counterparts [24–28]. Per contra, mimicking the fundamental toughening 

mechanisms has not always led to an enhancement in fracture toughness. For instance, in 

Libonati et al [26], mimicking the crack deflection mechanism did not yield an increase in 

fracture toughness, and limitations in the mechanical properties, measured in transversal 

direction, were also observed. Later on the authors showed some improvements in a new 

design though [24]. Recent improvements in additive manufacturing have enabled 

engineers to design and fabricate novel multifunctional composites with innovative 

properties [27,29–32]. However, the sought-after goal of fine-tuning the mechanical 

properties of composite materials put the needs for accurate and versatile numerical models 

to be embedded in the design phase. The main advantage of developing a numerical model 

of a composite material is the ability to adjust its parameters (i.e. topology and material 

properties) without the need of manufacturing and experimentally testing several samples. 

The development of numerical models is certainly time demanding. Yet, manufacturing 
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different material topologies is not only equally challenging, but also harmful for the 

environment: a great deal of materials and energy must be wasted in the process. 

Finite Element (FE) models represent the principal numerical approach to study the 

mechanics of composites [33]. In particular, different methods have been implemented into 

FE-codes with the aim of studying the fracture behavior and the mechanics of crack 

propagations. Commercial FE-based software allows the simulation of a crack, propagating 

in a structure subjected to any kind of loads, using two methods: Virtual Crack Closure 

Technique (VCCT) and Extended Finite Element Method (XFEM). The FEM (Finite 

Element Method) generally demands pre-processed mesh generation and involves mesh 

refinement in the area of particular interest (e.g. crack tip). Indeed, VCCT requires one to 

model the initial crack position and to use a finer mesh in the crack path.  XFEM, instead, 

does not require remeshing in the crack tip region, being mesh independent [34–37]. Also, 

the crack position may or may not be pre-determined [37]. In the latter case, XFEM locates 

the possible crack initiation position by detecting the element, which corresponds to the 

critical state, indicated by chosen damage initiation [34]. XFEM, initially developed by 

Blytschko and Black [35], and recently implemented into commercial FE-codes, employs 

local enrichment zones in the crack tip, simulating the discontinuities when the crack 

opens. The current literature presents the application of XFEM in a broad number of fields, 

such as in biological tissues [16,17,38–40], bio-inspired composites [18], bonded joints 

[36], fiber reinforced composites [41–45], concrete [43,46,47] and laminated glass [48]. 

Duarte et al applied the XFEM to rubberized concrete [46] and, more recently, to fiber-

reinforced composites [41], showing that the method can accurately estimate both the crack 

initiation and the propagation processes. Mishnaevsky and co-authors [49,50] implemented 
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XFEM into a multiscale framework to analyze fatigue-induced damage in hierarchical 

fiber-reinforced composites with different distribution of secondary nanoplatelet 

reinforcement. The versatility of the method and the freedom to set its parameters make 

XFEM an attractive approach to be implemented in various studies. 

Here we adopted the XFEM implemented into a commercial finite element package, 

Abaqus 6.14 (Simulia, Providence, RI), to describe the mechanical behavior of a bio-

inspired composite, whose design, manufacturing and characterization have been 

previously presented by Libonati et al [26]. We focused on the transversal behavior, which 

has shown to be the main limitation of the proposed design. The models, presented in the 

following, aim at simulating two loading conditions: tensile and flexural bending. The 

simulations are intended to provide a deeper understanding of the overall material behavior 

and its limitations, elucidating the effect of the microstructure and each topological feature, 

and providing the basis for an improved design. The simulations have also been used to 

probe the role of the cement line, a characteristic interface region with a crucial role in the 

fracture process of both the cortical bone and the bone-like composite. With the proposed 

model, the authors aim to deliver a tool able to elucidate the function of the bone 

microstructural features and their effect on the overall material properties, in particular the 

fracture toughness. 

2. Computational model

2.1. Model geometry 

The studied bioinspired design (Figs. 1(b-c)) implements the following bone 

features: i) the osteons, ii) the cement lines, iii) the interstitial lamellae, and iv) the outer 
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circumferential system. The internal part of the osteons is reproduced by unidirectional 

bundles of glass fibers (UDGF) oriented longitudinally (along the z-axis), while the cement 

lines are reproduced by ±45° carbon fiber (CF) sleeves. The interstitial lamellae are made 

up of longitudinally-oriented UDGF bundles, which fill the gaps between the osteons. The 

outer circumferential system is replicated by means of two layers of UDGF non-crimp 

fabric (NCF), placed on both the top and the bottom of the arranged osteons. During the 

manufacturing process, the whole composite is impregnated by an epoxy resin. Hence, in 

the model we refer to the fiber-reinforced regions as UDGF/epoxy and CF/epoxy, 

according to the schematic shown in Fig. 1(d). In the FE-models we introduced some 

simplifications with respect to the manufactured material. In particular, we considered the 

osteon cross section as perfectly circular; then, we considered the whole interstitial region 

as a mixture of UDGF and epoxy resin, without modeling the bundle shape. We believe 

that this is a more accurate representation of the manufactured composite, where the bundle 

cylindrical shape is lost during the manufacturing process, making the glass fibers 

completely interspersed into the matrix. This can be clearly noticed from the microscopic 

image provided in Fig. 1(c). Further simplifications have been introduced to decrease the 

computational costs: when reproducing the tensile loading configuration, we modeled only 

a quarter of the repetitive unit cell, taking advantage of the symmetry of the topological 

structure (Fig. A.1(a)). 

2.2. Numerical analyses and material properties 

We carried out quasi-static simulations. All the analyses are based on the cohesive 

segment approach, which uses the traction-separation constitutive laws. The mechanical 
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behavior is characterized by three regions: i) linear elastic, ii) damage initiation, and iii) 

damage evolution. The elastic properties define the initial tract, while damage initiation is 

set by the critical maximum principal stress criterion, similarly to other previous studies on 

fiber-composites [45,51]. Once the crack starts, the propagation and how the material 

cohesive stiffness degradation occurs are set by the damage evolution properties. To 

describe the damage evolution of each subregion, we adopted a displacement-based 

criterion. The material properties for each modeled region are given in Table A.1 and A.2. 

Being this model a 2D representation of the transversal section, the UDGF/epoxy can be 

considered isotropic in-plane and the properties are provided by previous experimental tests 

carried out by the authors [52]. As critical stress for damage initiation (aka maximum 

principal stress, MAXPS, in Abaqus) of interstitial lamellae and outer circumferential 

system, we assumed the maximum stress experimentally determined by the authors in a 

previous study [26]. The failure mode observed in the experiments supports this 

assumption. For each region, the displacement at fracture was calculated using the 

characteristic length (i.e. 0.085 mm), which is the diagonal measurement of a rectangular 

element of 0.06 mm size. The models were built using four-node bilinear plain strain 

quadrilateral elements, with reduced integration and hourglass control (Abaqus element 

type CPE4R). A detailed description is given in the mesh convergence study, provided in 

the Appendix A. 

To obtain the mechanical properties of the CF/epoxy that constituted the tubular 

sleeves aimed at mimicking the osteon cement lines, it was necessary to create a sub-model 

of the carbon fiber textile (Fig. 2). The dimensions of the fabric configuration (Twill 2x2) 

were acquired through measurements performed on microscopic images using the software 
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ImageJ 1.51K [53]. Then, the model was designed in the software TexGen 3.9 [54] under 

the following assumptions: i) the fiber fascicle course is sinusoidal, ii) the fascicle section 

has a lenticular shape, and iii) the average gap between the fascicles is not measurable, 

resulting in a tight configuration. The material properties for the carbon fibers and the resin 

regions were assigned, the model was exported to Abaqus and a mesh with eight-node brick 

elements with reduced integration (C3D8R) was applied. The boundary conditions were 

set, following the scheme provided by Li et al [55]. Two simulations were carried out with 

different mesh densities. Being the results were equivalent, the CF/epoxy properties were 

obtained (Table A.2) and used in the whole material model. The value of maximum 

principal stress, which defines the damage initiation of the CF/epoxy region, was obtained 

by the manufacturing supplier [56]. 

In the model aiming at simulating the tensile loading (Fig. A.1a), the crack location 

was not assigned and all the regions were defined as enriched. The simulations were 

performed under displacement-control mode, where a positive displacement in x-direction 

was applied to the right-hand side. Other boundary conditions were: symmetry in both the 

left-hand side and the upper side. To overcome convergence issues, we increased the 

damage stabilization coefficient and the control parameters, allowing a discontinuous 

analysis to be performed. 

For the three-point bending loading configuration (Fig. A.1b), the simulations were 

also performed in displacement-control mode, reproducing the experimental setup. Non-

specimen parts (i.e. loading member and rigid supports) were modeled as analytical rigid 

components. A displacement was applied to the loading member, while the rotation and 

displacement of the rigid supports were constrained in all directions. A surface contact 
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between the specimen and the rigid members (i.e. loading and support) was set to occur in a 

tangential behavior, using a penalty formulation and a friction coefficient of 0.001. Except 

from the center region, the mesh was coarser: the element size was set to 0.2mm and a free 

mesh with advanced front technique was chosen. In the center region, we adopted a finer 

discretization: the element size was set to 0.06mm and a free mesh with respect to a medial 

axis was set. To improve the convergence, a 0.5mm flaw was also inserted in the lower 

extremity, as it appeared experimentally in the initial step of loading. 

3. Results and discussion

The stress-strain curves and the failure modes of the two case studies are shown in

Fig. 3 and compared to the experimental outcome. 

By comparing the results of the model under tensile loading, it can be seen that the 

failure mode approximates the experimental results: small initial cracks initiate in the 

interstitial lamellae, at the interface between the CF/epoxy and UDGF/epoxy regions; then 

another crack originates in the outer circumferential system (Fig. 3(a)), propagates through 

the interstitial region, and is finally deviated and arrested at the cement line (Fig. 4(c)). The 

inset in Fig. 3(a) shows the STATUSXFEM, which is a color-based representation of the 

status of the enriched elements (0.0 value indicates an uncracked element, whereas 1.0 

value indicates a completely cracked element, with no traction across the crack faces). The 

model is also able to reproduce the stress-strain behavior of the experimental counterpart. 

Indeed, the numerical Young modulus is 11.9 GPa and failure occurred at a stress level of 

29.8 MPa, values 18.3% lower and 6.4% higher than the experimental ones, respectively 

(Figs. 4(a-b)). It is fundamental to notice that there was no crack propagation through the 
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cement line, as observed experimentally, confirming the fundamental role played by this 

interface region in the propagation of defects. The stress map (Fig. 4(c)) demonstrates the 

crucial role of the osteon shape in delocalizing the stresses, reducing the concentration at 

the crack tip, and the role of the cement line in deflecting and arresting the crack. The crack 

arrest caused a sudden drop in the load, which was considered as final rupture. 

The results of the three-point bending loading condition are shown in Fig. 3(b) and 

Figs. 4(d-f). The pre-modeled flaw propagates as the loading is applied and is temporarily 

arrested in the contact surface between the two adjacent osteons-like features. This partial 

arrest might also be caused by localized high aspect ratio elements, owing to the 

microstructure. After a small load drop, following the crack arrest, the crack keeps 

propagating until the final fracture point. The final failure occurs at the same displacement 

level of the experimental counterpart. However, the model shows a stress at rupture 21.7% 

higher than the one experimentally determined (Fig. 4(d)). The flexural modulus, 

calculated according to the standard (UNI-EN ISO 14125), is slightly lower (i.e. 8.6%) than 

the experimental one, as shown in the bar plot in Fig. 4(e). Also in this loading condition, it 

is possible to notice the fundamental role played by the heterogeneous microstructure in 

altering the stress field, decreasing the stress concentration at the crack tip. Indeed, in this 

load case scenario, we can observe a stress concentration in the cement line, which might 

have prevented the crack propagation, influencing the path. The outcome of the simulations 

proves how the bone-like microstructure and some characteristic features (e.g. the cement 

line) can foster the activation of critical toughening mechanisms, increasing the overall 

flaw tolerance of the material and contributing to enhance the overall fracture toughness.   
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To provide a further understanding of the role of the cement line in the fracture 

behavior, we run two additional simulations. In these simulations, we neglected the cement 

line, modeling the osteon as a unique region. In the former, the osteon is modeled as 

CF/epoxy material, while in the latter as UDGF/epoxy. The results, shown in Figs. 4(g-h), 

endorse the role played by the cement line. When the osteons are described as a unique 

CF/epoxy region, the failure mode is similar to the one presented in Fig. 3(a), but the 

model has a lower toughness (i.e. 13%). Conversely, when the osteons are modeled as a 

unique UDGF/epoxy region, the damage occur simultaneously in the whole model, leading 

to a brittle failure and a lower toughness (i.e. 2%). 

4. Concluding remarks

In summary, this paper presented a novel numerical approach, based on XFEM, to

investigate the mechanical behavior of a de novo bio-inspired composite, previously 

designed, manufactured and tested by the authors, and the role of a characteristic 

microstructural feature (i.e. the cement line) in the fracture process. The outcome of this 

study shows that the models were able to mimic the experimentally observed behavior and 

toughening mechanisms, showing a good agreement in terms of mechanical properties and 

failure modes. Our results also shed light on the role of the cement line in our bone-inspired 

composite and demonstrate the importance of mimicking such feature - as interface region - 

in new bone-inspired materials, promoting the activation of characteristic toughening 

mechanisms and enhancing the fracture toughness. This proposed numerical approach can 

be used not only to predict the failure modes of composite materials, but also to investigate 

the role of the microstructure on the overall fracture behavior. The presented results may 
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also provide a better understanding of the relationship between the structure and the 

properties in biological and biomimetic materials. Going forward, this framework could be 

used as a tool to improve the current design solution and propose future optimal solutions, 

also leveraging on optimization techniques. 

Appendix A. Supplementary data 

Supplementary data available: Schematics of loading and boundary conditions of the 

tensile model and the three-point bending model; Geometry and transversal properties of 

the regions; Properties of the CF/epoxy, epoxy resin and single carbon fiber; Convergence 

study, mesh of the tensile model and mesh of the central part of the three-point bending 

model. 
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Fig. 1. (a) Schematic representation of the microstructure of cortical bone. (b) Schematic of 

the bioinspired design; the dashed area represents the repetitive unit. (c) SEM image 

showing the cross section of the previously developed bioinspired composite; scale bar 

1mm. (d) Schematic of the modeled repetitive unit, highlighting the different subregions. 
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Fig. 2. Flow chart showing the steps followed to obtain the material properties of the CF-

epoxy region. (a) Observation of the CF-sleeve by optical microscope and measurement of 

the yarn dimensions; highlighted the region of interest and, as magnification, a schematic of 

the fabric configuration (Twill 2x2). (b) Building of the unit cell model (geometry and 

mesh) in Texgen. (c) Simulations carried out on the unit cell to obtain the mechanical 

properties of the CF/epoxy region. 
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Fig. 3. Comparison between the experimental and the numerical results, in terms of 

mechanical performance, for the tensile (a) and the three-point bending tests (b), including 

the detailed fracture behavior. The insets representing the numerical fracture modes show 

the XFEM status, which is the status of XFEM elements (0.0 value indicates an uncracked 

element, whereas 1.0 value indicates a completely cracked element, with no traction across 

the crack faces). The b/w picture in inset (b), depicting the experimental failure mode under 

three-point bending loading is reproduced with permission from Fatigue & Fracture of 

Engineering Materials & Structures, Wiley-VHC ©2014 [26]. 
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Fig. 4. Bar plots showing a comparison between numerical and experimental results for the 

tensile case study (a)-(b) and for the three-point bending one (d)-(e). (c) Visualization of 

the maximum principal stress distribution on the tensile model during failure. (f) 

Visualization of the maximum principal stress distribution on the flexural model during 

failure. The stress distribution demonstrates the crucial role of the osteon shapes in 

delocalizing the stresses, reducing the concentration at the crack tip, and the cement line in 

deflecting the crack. Failure mode when the osteon is modeled as a unique CF/epoxy region 

(g) or UDGF/epoxy region (h), neglecting the cement line. 
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