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Abstract: Cortical bone fracture mechanisms are well studied under quasi-static loading. 

The influence of strain rate on crack propagation mechanisms needs to be better 

understood, however. We have previously shown that several aspects of the bone micro-

structure is involved in crack propagation, such as the complete porosity network, 

including the Haversian system and the lacunar network, as well as biochemical aspects, 

such as the maturity of collagen cross-links. The aim of this study is to investigate the 

influence of strain rate on the toughness of human cortical bone with respect to its 

microstructure and organic non-collagenous composition. Two strain rates will be 

considered: quasi-static loading (10-4 s-1, a standard condition, and a higher loading rate 

(10-1 s-1), representative of a fall. Cortical bone samples were extracted from 8 female 

donors (50 y.o. to 91 y.o.). Three- point bending tests were performed until failure. 

Synchrotron radiation micro-computed tomography imaging was performed to assess 

bone microstructure including the Haversian system and the lacunar system. Collagen 

enzymatic cross-link maturation was measured using a high performance liquid 

chromatography column. Results showed that that under quasi-static loading, the elastic 

contribution of the fracture process is correlated to both the collagen cross-links 

maturation and the microstructure, while the plastic contribution is correlated only to the 

porosity network. Under fall-like loading, bone organization appears to be less linked to 

crack propagation.  
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Introduction  

From a clinical point of view, the prediction of bone fracture risk remains difficult while 

more than 9 million fractures occur ever years 1–3. Clinical gold standard methods are still 

relying on the assessment of bone mineral density (BMD) using Dual-energy X-ray 

Absorptiometry (DXA) 4.  

BMD is however not sufficient to accurately predict the fracture risk 1,2. Even if BMD is 

a good predictor of bone strength 5, this single parameter does not describe the overall 

mechanical response of bone in a fall loading configuration 6. Other parameters, related 

to the geometry, the material composition or the architecture of bone, have to be 

considered to understand the bone fracture process 7,8. 

Toughness appears to be one relevant biomechanical parameter to understand bone 

fracture mechanisms 9. During crack propagation, a number of toughening mechanisms 

occur in order to slow and stop the crack during its propagation and thus increase the 

energy needed to break the material 10–14. These mechanisms depend on the structural 

organization of the bone tissue: micro-crack formation is associated to the Haversian 

network 15, cracks are deflected along the long axis of the osteons following the cement 

lines 16,17 and interfibrillar sliding might be associated to the maturity of the collagen 18,19. 

These so called toughening mechanisms have been widely studied under standard quasi-

static loading, but there are only few data considering higher loading rates 20–22. This 

despite fractures mainly occurring after falls from a standing position 23. We recently 

showed that cortical bone toughness in different anatomical locations is significantly 

decreased at a higher strain rate compare to a standard quasi-static loading 24. In order to 

better understand the bone fracture process in the case of a fall, the influence of 

microstructure and biochemical composition on the decrease in toughness should be 

studied. 

The aim of this study is thus to investigate relationships between the bone toughness and 

its structural and compositional properties both under quasi-static and fall-like loading 

conditions in order to provide new insight regarding cortical bone crack propagation 

mechanisms. The current study builds on previous results on human cortical bone 

toughness 24, microstructure 25 and collagen cross-link composition 26. 
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Materials and methods 

Bone samples 

The investigations were performed on 8 paired femoral diaphyses, femoral necks and 

radial diaphyses extracted from female donors (average: 70 y.o, min: 50 y.o., max: 91 

y.o.). No medical history of the donors was available. After extraction, the bones were 

kept hydrated within gauze soaked with saline and stored at -20 °C until sample 

preparation.  

Biomechanical measurements 

The biomechanical experiments were performed following the experiment protocol used 

in 24. Two contiguous rectangular specimens from each bone, between 20 and 25 mm 

long, 2.1 ± 0.1 mm width and 1.0 ± 0.1 mm thick, their long axis parallel to the main axis 

of the bone, were prepared using a low speed saw with a diamond coated blade (ISOMET 

4000, Buehler, USA). They were then notched in their middle perpendicularly to the long 

axis of the diaphysis and subjected to a three point bending test until failure (Figure 1). 

Each contiguous sample was submitted either to standard quasi-static loading (10-4 s-1) or 

fall-like loading (10-1 s-1, 27) to assess the influence of the loading rate. Samples were re-

hydrated in saline solution 24 h before the mechanical tests. Toughness parameters were 

then investigated using the ASTM E-1820 28. The details can be found in 24. 

 

Figure 1 Cortical SENB sample under a critical loading following the ASTEM E-1820. Strain 

field is calculated using Digital Image Correlation (Vic-2D, Correlated Solutions, Columbia, 

USA). Red color represents the highest value of strain. Note the strain concentration 

around the notch. Scale bar: 1mm. 

The parameters assessed in the current study are the elastic contribution to toughness Jel 

(kN.m-1), the plastic contribution Jpl (kN.m-1), and the global toughness parameter J = Jel + 

Jpl (kN.m-1). They give the energy needed to initiate (Jel) and propagate (Jpl) a crack 

through bone structure 24. These parameters are called the energy release rates, and are 

closely related to the toughness 29. For the sake of simplicity, we will use the term 

toughness when referring to these parameters.  
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Synchrotron Radiation micro-Computed Tomography (SR-µCT) 

After the biomechanical experiments, Synchrotron Radiation micro-Computed 

Tomography (SR-µCT) imaging was used to assess cortical bone microstructure from the 

Haversian system down to the lacunar system in the samples 25. The scanned region of 

interest was chosen outside the rollers of the mechanical set up so as to not be affected by 

the mechanical loading. The fractured samples were delipidated one week before 

imaging: the samples were immerged in acetone for 30 minutes, then rinsed with water, 

and finally dehydrated by successive immersion in 70 % and nearly 100 % ethanol baths 

for a maximum period of 2 days. Image acquisition was performed on beamline ID19 at 

the European Synchrotron Radiation Facility (ESRF, Grenoble, France) using a “pink 

beam” filtered undulator radiation with an effective energy of 31 keV. Volumes of 20483 

voxels with a nominal voxel size of 0.7µm were finally obtained from each sample. 

In the current study, we mainly consider the following structure parameters: the 

Haversian canal diameter (On.Ca.Dm, in µm), the lacunar density (Lc.N/BV, in mm-3) 

and the average lacunar radius of curvature (Lc.ρ1, in µm) defined as: 

𝐿𝑐. 𝜌1 =
(𝐿𝑐.𝐿2)

2

𝐿𝑐.𝐿1
, 

where Lc.L1 (µm) and Lc.L2 (µm) are the dimensions of the first and second axis of an 

ellipsoid fitted to the lacuna, respectively 30. 

Biochemical measurements 

The collagen cross-links were measured using a high performance liquid chromatography 

column as done in 26. These measurements were performed on bone tissue that remained 

from the preparation of samples for the mechanical tests, i.e. tissue adjacent to these 

samples in the bone. In the current study, we focused on the CX ratio which is the ratio 

between divalent (immature) and trivalent (mature) enzymatic cross-links. This parameter 

reflects the maturation of the collagen matrix: a more mature collagen matrix implies a 

lower CX ratio. 

Statistical tests 

In order to make statistical tests on more than 8 samples, a longitudinal study was 

performed by pooling the three anatomical locations to finally have a population of 24 

samples for each biomechanical, microstructural or biochemical parameter (8 femoral 

diaphyses, 8 femoral necks and 8 radial diaphyses). Analyses were also performed for 

each individual site to have information on their respective contributions. 

Shapiro-Wilk’s normality tests were not satisfied for some of the parameters. Therefore, 

Spearman’s rank correlation coefficient was used to investigate correlations between the 

measured parameters. 
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Multiple linear regressions using backward stepwise elimination to remove the non-

significant parameters were performed until obtaining significant relation to explain the 

variance of the biomechanical parameters. Statistical significances were considered at 

p < 0.05. The statistical analysis was performed using StatView (StatView, Abaqus, 

USA). 

 

Figure 2 Volume rendering of a radial diaphysis sample after subjected to critical loading (woman, 

73 y.o., scale bar = 500 µm) 

Results 

Figure 2 illustrates a volume rendering of one radius sample imaged after critical loading. 

On this 3D display, we can observe the Haversian canals appearing as the long 
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longitudinal porosities and the osteocyte lacunae as small porosities. Table 1 presents the 

Spearman’s coefficients between biomechanical and structural or biochemical features. 

The detailed correlation for each anatomical location is shown on the table S1, S2 and S3 

of the supplementary materials.  

We first consider each location separately (Table S1, S2 and S3 in supplementary 

materials). 

In the femoral diaphysis, under quasi-static loading Jpl and J is negatively correlated to 

lacunar density. Under fall-like loading, Jel is positively correlated with the CX ratio, and 

Jpl and J are negatively correlated to Lc.N/BV (Table S1). 

In the femoral neck, under quasi-static loading no significant correlations were found. 

Under fall-like conditions, however, Jpl is positively correlated to the CX ratio and 

negatively correlated to Lc.ρ1 whereas J is negatively correlated to Lc.ρ1 (Table S2).  

In the radial diaphysis, no significant correlation was found for neither of the two loading 

conditions (Table S3). 

We now consider the study over the 24 pooled samples (Table 1). Under quasi-static 

loading, Jel and Jpl as well as J were negatively correlated with Ca.Dm. All three 

toughness parameters Jel, Jpl, and J were positively correlated with Lc.ρ1. Jpl , related to 

crack propagation, in particular showed a relatively strong correlation. Under fall-like 

loading conditions, Jel is negatively correlated to Ca.Dm (Table 1). Table S4 

(supplementary materials) presents similar results as Table 1 with more biochemical and 

structural parameters.  

Table 1: Spearman’s coefficient between the biomechanical, biochemical and structural 

parameters. 

Biomechanical 
parameter 

Rate On.Ca.Dm Lc.N/BV Lc.ρ1 CX 

Jel 

QS - 0.42* - 0.27 - 0.51* - 0.18 

F - 0.42* - 0.19 - 0.17 0.21 

Jpl 

QS - 0.45* - 0.13 - 0.62** 0.05 

F 0.04 - 0.09 0.04 0.31 

J 
QS - 0.45* - 0.14 - 0.66** 0.06 

F - 0.07 - 0.15 - 0.13 0.28 

* p < 0.05 ; ** p < 0.01 
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Table 2 presents the best multivariate linear regression explaining biomechanical 

variances with structural and biochemical parameters, even considering all the 

biochemical and structural parameters presented in Table S4.  

Multiple linear regression revealed several significant relations. Under quasi-static 

loading, for the elastic and plastic contribution of the toughness, the combination of 

On.Ca.Dm, Lc.N/BV and Lc.ρ1 explains the variance in Jel up to 32 %, and the 

combination of the CX ratio, On.Ca.Dm and Lc.ρ1 explains the variance of Jpl and J up to 

50 % and 51 %, respectively.   

Under fall-like loading, the combination of On.Ca.Dm, the CX ratio and Lc.N/BV 

explains the variance in Jel up to 39 %. 

Table 2: Multivariate linear regression explaining the variance of biomechanical 

parameters. 

  Best combination p-value Adj-R² 

Jel 

QS 1.57 − 0.002 × On.𝐶𝑎. 𝐷𝑚 − 2.16. 10−5 × 𝐿𝑐.
𝑁

𝐵𝑉
− 0.08 × 𝐿𝑐. 𝜌1 0.02 0.32 

F 2.49 − 0.01 × On.𝐶𝑎. 𝐷𝑚 − 7.68. 10−5 × 𝐿𝑐.
𝑁

𝐵𝑉
+ 0.29 × 𝐶𝑋 0.007 0.39 

Jpl 

QS 30.00 − 0.11 × On. C𝑎. 𝐷𝑚 − 2.90 × 𝐿𝑐. 𝜌1 + 2.39 × 𝐶𝑋 0.007 0.50 

F - - - 

J 
QS 31.11 − 0.11 × On.𝐶𝑎. 𝐷𝑚 − 2.99 × 𝐿𝑐. 𝜌1 + 2.39 × 𝐶𝑋 0.001 0.51 

F - - - 

QS: quasi-static ; F: fall 

 

Figure 3 shows the estimate of J using the best combinations shown in table 2 as a 

function of the real measure of J.  
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Figure 3: JQS measured in fucntion of JEstimate using the equation in Table 2 (SEE = Standard Error 

of the Estimate).  

Discussion 

A better knowledge of human cortical bone crack propagation mechanisms is of great 

interest for a better care of bone fracture risk. Cortical bone is a complex material 

showing a multi-scale arrangement of organic and mineral 31. In this study performed on 

8 paired human femoral diaphyses, femoral necks and radial diaphyses, we investigated 

the influence on human cortical bone toughness of the Haversian system, the lacunar 

system, and the collagen matrix maturation at two loading conditions. The use of 

different anatomical locations allows the investigation of crack propagation mechanisms 

over a wide range of mechanical or organizational properties. To our knowledge, this is 

the first study to investigate human cortical bone toughness involving structural and 

compositional features at different length scales and considering two loading conditions. 

Considering the elastic regime, we can observe that both the canal diameter and lacunar 

radius of curvature are correlated with the elastic toughness under quasi-static loading. 

Significant correlations between the elastic toughness and the Haversian system have 

already been found in the past 32–34. A significant decrease of the yield stress with the 
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increase of the canal diameter has also been observed 35. These results are in agreement 

with our results. The initiation of the crack is governed by the stretching of the tissue in 

the neighborhood of the notch, thus involving the stretching of mineralized collagen 

molecules 36. It has been shown that the elastic behavior at the tissue level is associated 

with the behavior at the fibrillar or mineral scale 37. It is also known that the Haversian 

canal parameters are correlated with bone elastic properties 38–40, which is confirmed here 

as we find a significant correlation between canal diameter and elastic toughness. A 

relationship between the initiation toughness and the lacunar system has also previously 

been observed 33. There is fewer data available at this scale, however.  

The hypothesis is here that lacunae may play a role of stress concentrators 41–44. It is 

known from the field of fracture mechanics that small defects have the capacity to 

concentrate stresses during the loading 45,46. This means that the stress around these 

defects is higher than in the surrounding environment (see on Figure 1 the strain 

concentration around the notch).  It has been shown that the strain in the neighborhood of 

lacunae was increased relative to the surrounding tissue 41,43,47. By playing the role of 

such defects, the lacunae can concentrate some stresses during the loading, and thus relax 

the notch. Actually, for a same mechanical energy provided to the material, if the notch is 

placed in an homogeneous medium, all the energy will be concentrated around it ; 

nevertheless if other small defects surround this notch, some of the total energy will be 

used to concentrate the stress around these small defects, thus the stress concentration 

state around the notch will be lowered This will increase the energy needed to initiate a 

crack from the notch. Furthermore, a stress concentrator with a smaller radius of 

curvature will concentrate even more stress 46, which supports the negative correlation we 

found here. Regarding the multiple linear regression, we can observe that the lacunar 

density help to better estimate the elastic toughness. This suggests that when cortical 

bone has a lower density of lacunae, it can better resist crack propagation. The hypothesis 

to explain this results is related to the previous one considering lacunae as stress 

concentrators. If the concentration of these stress concentrators is too high close to the 

notch, the stress concentration state of the sample near this notch may increase more 

rapidly because of a higher density of stress concentrators, decreasing thus the energy 

needed to initiate the crack.  

Considering fall like loading, there is also here a significant correlation between canal 

diameter and elastic toughness. As stated previously, it may imply that the initiation 

toughness is associated with the elasticity of the tissue. However, there is no correlation 

between the elastic toughness and the lacunar radius of curvature at this higher strain rate. 

As the loading is applied faster, the stress field may expand faster, and there might not be 

enough time for stress to concentrate sufficiently around the lacunae to relax the notch. 

We were able to predict the initiation toughness in the case of fall-like loading with better 

accuracy than under quasi-static loading, based on the lacunar density, the CX ratio, and 

the canal diameter.  

Further, we can observe that the non-linear part of the deformation and the global 

toughness (Jpl and J, respectively) are both similarly correlated with structural and 

biochemical parameters (cf. Table 1 and Table 2). This is due to the fact that cortical 

bone crack propagation is mainly governed by these non-linear mechanisms, both under 
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quasi-static and fall-like loading. Furthermore, these non-linear mechanisms are more 

affected by the increase of the strain rate than the linear mechanisms 24,26. Therefore it is 

important to elucidate these mechanisms. From the results given in Table 1 we can 

observe that under quasi-static loading, the non-linear mechanisms of bone crack 

propagation are related to the canal diameter. Where the canals are larger, cracks have 

less difficulty to pass through the bone microstructure.  

Relationships between the Haversian systems and the global toughness J have already 

been evidenced in a previous study 33. It is well known that the osteons, which surround 

the vascular canals, play a major role in crack propagation mechanisms. When a crack 

encounters the interface between the interstitial tissue and the osteon, it can be arrested or 

deviated along this interface 15,48,49. This role as a barrier to crack propagation may come 

from the difference of elasticity between the osteon and its surrounding tissue 20,50. 

Illustration of these mechanisms can be seen in 51, where SRµCT was also used to image 

the samples. The hypothesis is thus that the correlation between bone toughness and the 

canal diameter is likely to be due to the influence of the osteon morphology on crack 

propagation, the morphology of the osteons being dependent on the on morphology of the 

Haversian canals 52. Furthermore, a previous study has shown that the pullout of the 

osteon from the interstitial tissue required less energy for larger osteons 53. The authors 

hypothesized that for larger canals, the shear stress at the cement line is larger relative to 

the tensile stress applied to the whole osteon, resulting in an easier debonding at the 

interface. This result is in accordance with the present study that state that cracks 

propagate more easily in a microstructure with larger canals.  

We can also observe a significant relationship between the non-linear toughness and the 

radius of curvature of the lacunae. To the authors’ knowledge, there is no data about this 

in the literature. It is however known that the lacunae can guide the cracks during 

propagation 47,54. This is in accordance with the previously mentioned hypothesis that 

osteocyte lacunae act as stress concentrators. Christen et al. also hypothesized that the 

stress concentration near the lacunae may involve a blunting of the crack, resulting in 

increased toughness 47. This supports the results found here and highlights the stress 

concentrators, and thus energy dissipating, role played by osteocyte lacunae during crack 

propagation under quasi-static loading.  

Finally we found that the CX ratio improves the estimation of the toughness, both the 

plastic and the global, in a multi variate model. We have shown in a previous study that 

the maturation of the enzymatic cross-links may have a minor influence on human 

cortical bone toughness 26. The present results support this minor effect. The associated 

mechanisms may be the interfibrillar sliding that consumes energy during loading 12,55. 

With a higher CX ratio, the tissue contains more immature cross-links relative to mature 

cross-links. As these mature cross-links are divalent compared to the trivalent mature 

cross-links, they may need less energy to break and thus encourage this interfibrillar 

sliding mechanism.  

Under fall-like loading, we found no significant correlation between the non-linear 

toughness and structural or compositional features. This suggests that in the case of a fall, 

the mechanisms described above are much less efficient. Because of the higher loading 
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rate, the microstructure’s response to crack propagation may not be the same, for 

example because of the time dependent nature of some bone features. It is known that at 

higher loading rate, there is a stiffening of bone tissue 56. In a previous study, based on 

the “He and Hutchinson framework”, Zimmerman et al. hypothesized that the stiffening 

of the tissue may change the osteons deflection capacity 20,50. This stiffening of the tissue 

may also modify the strain concentration effect around the osteocyte lacunae, resulting in 

a straighter crack propagation path. 

Regarding the correlations results, the linear regressions (Table 1) obtained in the current 

study may appear quite low compare to other studies investigating the relationships 

between cortical bone biomechanical properties and biochemical or structural properties 

(ρSpearman = 0.66 in the current study, r = 0.78 in 57, r = 0.73 in 58, r = 0.94 in 59). In most of 

the studies, the biomechanical parameter investigated was bone strength (MPa) using 

continuum mechanics, whereas in the current study the investigated parameters is the 

toughness (MPa.m0.5) and more particularly the associated strain energy release rate 24, 

are related to the fracture mechanics field. Strength and toughness are two mechanical 

parameters that provide information on the ultimate mechanical properties of the studied 

materials. Nevertheless, they do not give the same information and it has been shown that 

bone strength is poorly correlated to the global toughness (J) 60. Strength is the 

mechanical stress at which the deformation of the material becomes non-recoverable 61. 

The toughness of bone tissue gives information on the mechanical energy that is needed 

to initiate and propagate a crack from a pre-existing defect 45,46,62,63. ). This results in a 

parameter that is dependent on a local area surrounding the notch. Some previous works 

already studied the correlation coefficient between bone toughness and bone parameters. 

For instance, a low R² between bone toughness and the degree of mineralisation has been 

measured for the elastic toughness (ρSpearman = 0.29 in 64) and as non-significant when 

dealing with the global toughness 33,64 whereas the correlation is significant between bone 

strength and mineralisation 57–59. The toughness of bone might be more sensitive to the 

structure heterogeneities observable in cortical bone tissue 65,66. This is why the authors 

investigated the relationships between bone toughness and bone cortical structure at a 

lower length scale, such as the lacunar scale. 

The main limitations of this study are related to the population investigated. The 

population used for the assessment of bone mechanical and structural properties 

comprised only 8 donors, which is a relatively small effective population. The main 

reasons for the limited sample size is the limited access to image acquisition time at 

synchrotron facilities, and the very large data sets that this modality yields. Despite of 

this, it can be seen that the population offers a large variety of mechanical, structural and 

compositional properties 24–26. This somewhat alleviates the potential problem of a small 

population size. The wide range of properties still allowed the differences in structural 

and compositional properties to explain the differences in mechanical properties. Further, 

the population is not representative of the general population, in terms of gender and age. 

We investigated a population of aged female (50 y.o. to 91 y.o.) donors. It is known, 

however, that the population of post-menopausal women is more at risk of bone fracture 
67,68. It is thus relevant to assess bone fracture properties on such a population.  

The results obtained here show that, in order to improve our biomechanical knowledge on 

bone fracture, it is relevant to investigate bone mechanical properties at rates that are 
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representative of the reality of falls. It is clear that bone fracture mechanisms are highly 

dependent on the loading rate. While these mechanisms are widely studied and well 

known under standard, quasi-static loading, there is still a substantial lack of data 

regarding higher loading rates. Therefore, the development of mechanical models of bone 

under realistic solicitation due to a fall, both considering loading rate and loading 

direction, represents a real challenge and will be highly useful for the improvement of 

prediction and prevention of bone fracture. 

Conclusion  

In this study, we have investigated the relationships between cortical bone toughness and 

its structural and compositional properties considering two loading conditions, 

representing walking and falls. Significant influence of the structure and composition on 

the initiation toughness was found in the two loading conditions. However, while the 

propagation of the crack is influenced by microstructural and compositional features 

under quasi-static loading, these features have less importance in the case of a fall. 

Further, since non-linear crack propagation mechanisms account for a large part of the 

global toughness, it will be important to study why an increase of the loading rate has a 

drastic effect on them.  
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