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Abstract 

Bone in the daily activities come in to contact with different type of loads and sometimes become a reason 

of fracture or failure when it exceeds the value of failure limit. Among these load types, the stresses 

generated due to shear loading are typically minor in contrast to tensile and compressive stresses, but they 

can become significant in bones with long lengths. Therefore, it becomes necessary to define the failure 

criteria during shear so that a necessary measure can be taken to avoid the failure or fracture of a bone. In 

the current study, two type of specimens with orientations Longitudinal and Transverse to the axis of femur 

animal bone has been considered to measure the shear properties of a cortical bone using Iosipescu test 

FEM model. The shear modulus of longitudinal specimen found to be more in comparison to transverse 

orientated specimen. Also, it has been found that when the value of external applied load stress becomes 

0.18 and 0.21 times the ultimate compressive stress for longitudinal and transverse orientated specimens, a 

shear failure appears at the specimen. The longitudinal orientated specimen found to be stronger during 

compressive loading and transverse orientated specimen found stronger during shear loading. Overall, the 

cortical bone shows weaker behaviour during shear in comparison to compressive loading. The results of 

this study can be applied for the bones in aquatic species like fishes, crocodiles etc. as in water, these species 

shall wear shear and compressive load on their bones during swimming. 

  

Introduction 

Bone is a complex natural material with a 

hierarchical structure, and its characteristics vary 

from microstructure to macrostructure level, as 

well as related to composition. In daily activities, 

bone is exposed to various loading situations such 

as compressive, tension, torsion, bending, shear, 

and so on. Shear stresses are typically minor in 

contrast to tensile and compressive stresses, but 

they can become significant in bones with long 

lengths. Furthermore, cortical bone is thought to 

be weaker in shear compared to compression and 

tension, making shear qualities of cortical bone 

crucial. Furthermore, the composition and 

alignment of the bone are such that it is subjected 

to compressive loads most of the time, but under 

some unavoidable conditions, bone is subjected 

to shear as well as tensile forces. Investigations 

into the mechanical characteristics of bone might 
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benefit not just clinical scientists but also 

engineers working on bio-inspired materials. 

Most significantly, for the design and 

development of prosthetic bone implants and FE 

models, critical features and behaviour of bone, 

such as shear behaviour at different anatomic 

regions, must be evaluated. Many researchers 

have worked in determining the behaviour of 

cortical bone under shear conditions i.e., 

measuring the shear modulus and young’s 

modulus of cortical bone [1] and correlating with 

different type of species using different methods 

that include three-point bending [2] [3], shear lap 

procedure [4], fracture mechanics approach [5] 

[6] and indentation method [7]. The damage in 

bone is caused by shear failure of the organic 

matrix [8]. The porosity of a bone also effects the 

longitudinal shear modulus, transverse shear 

modulus of a bone [9] and the crack is caused in 
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a bone due to high level of shear and compression 

[7]. Under indentation, the bone experiences high 

levels of compression and shear, causing cracks 

to form and grow [10]. Shear is an important 

strain regime in the squamosal suture as per 

Strain ratios  [11] and also, there found a 

correlation of fracture pattern and microstructure 

on the shear behaviour of a bone [12]. 

Mechanical behaviour of a cortical femur bone 

has been studied and compared for demineralized 

and deproteinized while applying pure shear and 

equi-biaxial tension loading [13]. The shear 

bonding strength of cortical bone varies with the 

wet conditions [14]  and there found a variation 

in the failure of cortical bone while applying 

shear stress for different orientations of sample 

microstructure [15]. Digital image correlation has 

been used to measure the non-linear shear 

behavior of bovine cortical bone by coupling with 

the Arcan test [16] [17]  and find out 

experimentally the mechanical properties while 

applying tensile, compressive and shear loading 

on two different orientations i.e., longitudinal and 

transverse [18]. Different FEM models have been 

developed to measure the mechanical properties 

of a cortical bone [19] [20], [21] for different type 

of specimens.  

It has been observed from the existing literature 

that researchers have studied shear behaviour for 

different applications and domains 

experimentally. In the experimental study, it is 

difficult to fabricate a small size specimen of 

bone as per anatomical location and orientation of 

lamellae. Moreover, it is difficult to perform 

different type of tests on different testing 

equipment’s. The results obtained from 

experimental study may results in variation due 

to type of species, location, environmental 

conditions, strain rates, preservation solution etc. 

Therefore, to reduce the variation in the results 

the FEM study can be performed for different 

type of specimens to predict different mechanical 

properties of a bone. The present study focuses on 

applying the Iosipescu test to study the variation 

in shear behaviour of bovine cortical bone and 

predicting the failure criteria while considering 

specimens from different orientations i.e., 

longitudinal and transverse using FEM model.  

 

Materials and Methods  

In the present study, the Iosipescu shear test has 

been used to identify the variation in shear 

properties of cortical bone for two different 

orientations i.e., longitudinal and transverse 

using the FEM approach. Iosipescu shear test is 

relatively simple and it’s easy to prepare 

specimens for it. This method is useful in the case 

of a variety of composite materials, therefore 

applied for material which is biological 

composite in the present study.  

CAD model of Specimen used for Iosipescu 

Shear Test: 

The V-notch Iosipescu shear test uses a flat 

specimen that is easier to prepare while achieving 

a pure and uniform shear stress state between the 

V-notches. The shear test specimens were 

obtained with thickness = 1 mm, width = 5 mm 

and length = 20 mm [18]. A 90° notch was cut on 

each edge of the specimen at the mid-length to a 

depth = 2 mm as shown in Figure 1(a). The 

specimens were obtained for conducting 

Iosipescu shear test in 1-2 plane. The CAD model 

of the specimen created in ABAQUS has been 

shown in Figure 1(b). The complete assembled 

model of Iosipescu test is shown in Figure 1(c).  

 

 
(a) 

 

 

 

 
(b) 
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Figure 1: (a) Dimensions of Specimen; (b) CAD model of specimen; and (c) Assembly model of 

Iosipescu Shear test in Abaqus 

 

Material properties and Meshing  

The present study has been conducted on the 

specimen modelled using properties obtained 

from two different orientations i.e., Longitudinal 

and Transverse of the bone diaphysis of a bovine 

femoral bone. The details about the type of 

specimen along with its material properties has 

been mentioned in Table 1. 

 

Table 1: Material Properties of specimens [18] 

Specim

en No. 

Longitudin

al: 

Compressi

ve Elastic 

Modulus 

(MPa) 

Transvers

e: 

Compressi

ve Elastic 

Modulus 

(MPa) 

Poisso

n 

Ratio 

1 8279.55 3042.77 0.37 

2 9292.33 2539.66 0.37 

3 4429.66 1580.11 0.37 

4 4554.22 1423.66 0.37 

5 3187.66 1336.77 0.37 

6 3347.77 1213 0.37 

 

The fixture of Iosipescu test has been modelled as 

analytically rigid and the specimen has meshed 

using 8-noded quadratic quadrilateral elements. 

The model is subjected to a quasi-static loading 

applied by a cylindrical bead which is rigid in 

nature. The left portion of the test specimen 

holder is fixed using the boundary condition 

option Encaster (rigidly constrained) whereas the 

right test specimen holder is left to move freely in 

the x-y plane. The specimen and the test 

specimen holder have been assigned a close 

surface interaction of Slave and Master using the 

contact algorithm in ABAQUS. The quasi-static 

loading is applied using amplitude option and 

small incremental steps are used at the reference 

node at the interaction of cylindrical bead and 

specimen holder.  

 

Results and Discussion 

The shear stress-strain plots for two types of 

specimens with orientation of longitudinal and 

transverse measured using experimental study 

[18] and FEM model is shown in Figure 2(a) and 

Figure 2(b). The FEM simulation contours for 

shear stress in the plane 1-2 i.e., S12 is shown in 

Figure 2(c) and Figure 2(d) for longitudinal and 

transverse specimen respectively. The shear 

modulus, shear failure stress and shear failure 

strain are measured from shear stress-strain plots 

for each type of specimen and further, these 

parameters are compared that are shown in Table 

2. The ratio of shear failure stress and ultimate 

compressive stress is also been measured for each 

specimen and shown in Table 2. The shear 

modulus and shear failure stress obtained in the 

current study has been compared statistically with 

the experimental obtained values that are shown 

using Box and Whisker plots as shown in Figure 

3.  

Longitudinal Orientation Specimen 

It has been observed from Figure 2(a) that the 

shear stress-strain curve obtained from the FEM 

model for different specimens found a good 

relation with the experimental obtained results 

[18]. The FEM contour profile for longitudinal 

specimen is shown in Figure 2(c) obtained using 

average value of material properties mentioned in 

Table 1. The shear modulus and shear failure 

stress obtained from FEM model and 

experimental study found to be statistically with 

non-significant difference at p<0.05 as shown in 

Figure 3(a) and Figure 3(b). The average shear 

modulus obtained from experimental study is 

684.02 MPa and using FEM model the value 
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found to be 666 MPa as shown in Table 2. The 

value of shear modulus varies from 384.35 MPa 

to 1106.5 MPa and the value of shear failure 

stress varies from 27.74 to 39.14 MPa. The 

average value of shear failure stress obtained 

using experimental study is 35.38 and using FEM 

model, the value is 34.66 as shown in Figure 3(b). 

The ratio of elastic modulus (experimental) and 

shear modulus (FEM) is evaluated for each of the 

specimen and found an average ratio of 7.74. 

Also, the ratio of shear failure stress (FEM) and 

ultimate compressive stress(experimental) of 

each specimen has been mentioned in Table 2; the 

average value of ratio found to be 0.18. The 

external load applied while performing Iosipescu 

test using FEM is obtained for each specimen and 

found an average as 4104.53 N that represents the 

maximum load at which shear failure occurs. The 

average value of shear failure strain found to be 

0.15 mm/mm.  

 

 

 
(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 2: (a) Shear stress-strain plot for longitudinal specimen; (b) Shear stress-strain plot for transverse 

specimen; (c) Shear stress (S12) for longitudinal specimen; and (d) Shear stress (S12) for transverse 

specimen 

Transverse Orientation Specimen 

The shear stress-strain curve for different 

specimens obtained using FEM model are 

compared with the experimental that are shown 

in Figure 2(b). The FEM contour profile obtained 

after considering the average value of elastic 

modulus and Poisson’s ratio is shown in Figure 

2(d). The shear modulus found a non-significant 

difference at p<0.05 while comparing the 

experimental and FEM model results using paired 

t-test as shown in Figure 3(a). The shear failure 

stress found non-significant difference at p<0.05 

for FEM model and experimental obtained results 

as shown in Figure 3(b). The shear modulus for 

each specimen is calculated using shear stress-

strain curve and found an average of 779.85 MPa 

for FEM model; 893.16 MPa for experimental 

results.  
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Figure 3: Box-Whisker Plots: (a) Shear Modulus; and (b) Shear Failure Stress 

 

The shear failure stress is also calculated for each 

specimen as shown in Table 2 and found an 

average for FEM model and experimental as 

53.48 MPa and 57.76 MPa. The value of shear 

failure varies from 35.68 MPa to 83.70 MPa and 

the value of shear modulus varies from 323.11 

MPa to 1456 MPa. The ratio of elastic modulus 

(experimental) and shear modulus (FEM) for 

each specimen is measured and found an average 

of 2.84. The ultimate compressive stress 

(experimental) for each specimen is obtained 

from existing literature and the average value 

found to be 248.49 MPa. The ratio of shear failure 

stress and ultimate compressive stress is also 

calculated for each specimen and found an 

average ratio to be 0.21. The maximum 

compressive external load that can be applied for 

shear failure is also been measured for each 

specimen and found an average of 3032.67 N. 

The value of share failure shear also varies for 

each specimen and the average value is 0.25.  

Table 2: Comparison of Shear Properties 

Type of 

Orientation 

Specimen 

No. 

Shear 

Modulus 

(MPa) 

Ratio of Elastic 

Modulus/Shear 

Modulus 

Ultimate 

Compressive 

Stress 

(MPa) 

Shear 

Failure 

Stress 

(MPa) 

Ratio of 

Shear 

Failure 

Stress/ 

Ultimate 

Compressive 

Maximum 

Compressive 

External 

Load (N) 

Shear 

Failure 

Strain 

(mm/mm) 

Longitudinal 

1 1006.3 10.34 191.45 36.42 0.19 4307.8 0.12 

2 1106.5 10.33 183.57 35.03 0.19 4167.79 0.10 

3 537.91 6.79 194.09 36.58 0.18 4311.48 0.17 

4 553.17 6.65 174.83 33.03 0.18 3891.96 0.13 

5 384.35 5.58 147.48 27.74 0.18 3273.26 0.17 

6 406.14 6.72 211.95 39.14 0.18 4674.91 0.26 

Average 
666 

 
7.74 

183.89 

 

34.66 

 

0.18 

 

4104.53 

 
0.15 

Transverse 

1 1456 2.08 151.62 77.50 0.51 3362.41 
0.18 

 

2 1312 1.93 242.67 83.70 0.34 5117.95 
0.27 

 

3 816 1.93 309.77 42.23 0.13 2577.33 
0.28 

 

4 444.89 3.20 300.06 45.70 0.15 2785.33 
0.27 

 

5 323.11 4.13 181.31 36.09 0.19 2182.03 
0.26 
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6 324.1 3.74 305.52 35.68 0.11 2170.94 
0.24 

 

Average 
779.35 

 
2.84 248.49 53.48 

0.21 

 
3032.67 0.25 

The results obtained from FEM and experimental 

study [18] have been compared statistically and 

found non-significant difference at p<0.05. There 

found a difference while comparing the average 

value of shear failure strain for longitudinal and 

transverse specimens. Moreover, the difference 

in values also appears while comparing the FEM 

results with the individual specimen that is due to 

the heterogeneity and anisotropic nature of 

cortical bone. Also, in FEM model the porosity of 

a cortical bone has been neglected that can also 

be one of the reasons of divergence in results.  

The average ratio of shear failure stress and 

ultimate compressive stress found to be more for 

transverse orientated specimens. The average 

value of elastic modulus for longitudinal 

specimens found 2.97 times the transverse 

orientated specimens and the average value of 

shear modulus for transverse specimens is 1.16 

times the longitudinal orientated specimens. It 

means the longitudinal specimens are more stiffer 

during compressive loading and transverse 

specimens are more stiffer during shear loading 

but transverse orientated specimens show more 

value of ultimate compressive stress. The average 

value of shear failure stress for transverse 

specimens found to be 1.54 times the longitudinal 

specimens. The value of shear failure strain is 

more for transverse specimen in comparison to 

longitudinal specimens. It is evident from this 

study that the results obtained from FEM model 

is closer to experimental results available in the 

existing literature.  

 

Conclusion  

In the current study, six specimens each of two 

different orientations i.e., Longitudinal and 

Transverse to the axis of femur bovine bone has 

been considered to measure the shear properties 

of a cortical bone using Iosipescu test FEM 

model. The material properties that include 

elastic modulus and poison ratio for these six 

specimens have been considered as per available 

literature. The average shear modulus found to be 

666 MPa and 779.35 MPa; shear failure stress as 

34.66 MPa and 53.48 MPa; shear failure strain as 

0.15 mm/mm and 0.25 mm/mm for longitudinal 

and transverse orientated specimen. it has been 

found that when the value of external applied load 

stress becomes 0.18 and 0.21 times the ultimate 

compressive stress for longitudinal and 

transverse orientated specimens, the shear failure 

start showing at the V-notch location of a 

specimen. There found a variation in the results 

of different shear parameters of a cortical bone 

that is due to the porosity, anisotropic and 

heterogenous behaviour of a cortical bone that 

has not been considered in the current study. The 

longitudinal orientated specimen found to be 

more stiffer during compressive loading and 

transverse orientated specimen found stiffer 

during shear loading. Overall, the cortical bone 

shows weaker behaviour during shear in 

comparison to compressive loading. The results 

obtained using FEM model has been compared 

with the experimental obtained results and found 

a good relation with difference of 5-6 % that is 

due to anisotropic and heterogenous properties of 

a bone.  

 

References 

[1] P. Y. Chen, A. G. Stokes, and J. 

McKittrick, “Comparison of the structure 

and mechanical properties of bovine 

femur bone and antler of the North 

American elk (Cervus elaphus 

canadensis),” Acta Biomater, vol. 5, no. 2, 

pp. 693–706, 2009, doi: 

10.1016/j.actbio.2008.09.011. 

[2] H. Spatz -Ch., E. J. O’Leary, and J. F. V. 

Vincent, “Young’s moduli and shear 

moduli in cortical bone,” Proceedings of 

the Royal Society B: Biological Sciences, 

vol. 263, no. 1368, pp. 287–294, 1996, 

doi: 10.1098/rspb.1996.0044. 

[3] N. Kemper et al., “Characterization of the 

mechanical properties of bovine cortical 

bone treated with a novel tissue 



Orientational Variation and Failure criteria of Cortical bone under Shear 

conditions using FEM with its applications in Animals and Aquatic Species  

. 

 

 

 

Eur. Chem. Bull. 2023,12(1), 4651-4658                                                                                                                                                                                                4657 

Section A-Research 

paper 

 

sterilization process,” Cell Tissue Bank, 

vol. 12, no. 4, pp. 273–279, Nov. 2011, 

doi: 10.1007/s10561-010-9191-7. 

[4] S. P. Kotha and N. Guzelsu, “Effect of 

Bone Mineral Content on the Tensile 

Properties of Cortical Bone: Experiments 

and Theory,” J Biomech Eng, vol. 125, no. 

6, pp. 785–793, Dec. 2003, doi: 

10.1115/1.1631586. 

[5] P. Lucksanasombool, W. A. J. Higgs, R. 

J. E. D. Higgs, and M. v Swain, 

“Interfacial fracture toughness between 

bovine cortical bone and cements,” 2003. 

[6] R. Allena and C. Cluzel, “Identification of 

anisotropic tensile strength of cortical 

bone using Brazilian test,” J Mech Behav 

Biomed Mater, vol. 38, pp. 134–142, 

2014, doi: 10.1016/j.jmbbm.2014.06.007. 

[7] S. Kasiri, G. Reilly, and D. Taylor, 

“Wedge indentation fracture of cortical 

bone: Experimental data and predictions,” 

J Biomech Eng, vol. 132, no. 8, Aug. 

2010, doi: 10.1115/1.4001883. 

[8] S. P. Kotha and N. Guzelsu, “Tensile 

damage and its effects on cortical bone,” 

J Biomech, vol. 36, no. 11, pp. 1683–

1689, Nov. 2003, doi: 10.1016/S0021-

9290(03)00169-6. 

[9] X. N. Dong and X. E. Guo, “The 

dependence of transversely isotropic 

elasticity of human femoral cortical bone 

on porosity,” J Biomech, vol. 37, no. 8, pp. 

1281–1287, Aug. 2004, doi: 

10.1016/j.jbiomech.2003.12.011. 

[10] T. Ogita, M. Kanaoka, M. 

Todoh, and S. Tadano, “In vitro laser 

bonding of bovine cortical bone specimen 

and TCP-glass ceramics,” Journal of 

Biomechanical Science and Engineering, 

vol. 7, no. 2, pp. 248–258, 2012, doi: 

10.1299/jbse.7.248. 

[11] C. Dzialo et al., “Functional 

implications of squamosal suture size in 

paranthropus boisei,” Am J Phys 

Anthropol, vol. 153, no. 2, pp. 260–268, 

Feb. 2014, doi: 10.1002/ajpa.22427. 

[12] T. Tang, V. Ebacher, P. Cripton, 

P. Guy, H. McKay, and R. Wang, “Shear 

deformation and fracture of human 

cortical bone,” Bone, vol. 71, pp. 25–35, 

Feb. 2015, doi: 

10.1016/j.bone.2014.10.001. 

[13] M. Hosseinzadeh, M. Ghoreishi, 

and K. Narooei, “Investigation of 

hyperelastic models for nonlinear elastic 

behavior of demineralized and 

deproteinized bovine cortical femur 

bone,” J Mech Behav Biomed Mater, vol. 

59, pp. 393–403, Jun. 2016, doi: 

10.1016/j.jmbbm.2016.02.027. 

[14] L. Wistlich, A. Rücker, M. 

Schamel, A. C. Kübler, U. Gbureck, and 

J. Groll, “A Bone Glue with Sustained 

Adhesion under Wet Conditions,” Adv 

Healthc Mater, vol. 6, no. 3, Feb. 2017, 

doi: 10.1002/adhm.201600902. 

[15] H. Mohammadi and S. 

Pietruszczak, “Experimental and 

analytical study of anisotropic strength 

properties of bovine cortical bone,” 

Biomech Model Mechanobiol, vol. 19, no. 

5, pp. 1953–1963, Oct. 2020, doi: 

10.1007/s10237-020-01319-2. 

[16] J. Xavier, J. Morais, and F. 

Pereira, “Non-linear shear behaviour of 

bovine cortical bone by coupling the 

Arcan test with digital image correlation,” 

Opt Lasers Eng, vol. 110, pp. 462–470, 

Nov. 2018, doi: 

10.1016/j.optlaseng.2018.07.004. 

[17] F. A. M. Pereira, M. F. S. F. de 

Moura, N. Dourado, J. J. L. Morais, J. 

Xavier, and M. I. R. Dias, “Determination 

of mode II cohesive law of bovine cortical 

bone using direct and inverse methods,” 

Int J Mech Sci, vol. 138–139, pp. 448–

456, Apr. 2018, doi: 

10.1016/j.ijmecsci.2018.02.009. 

[18] J. A. Pramudita, J. A. Pramudita, 

I. Shimizu, and Y. Tanabe, “Mechanical 

Behavior of Bovine Cortical Bone Tissue 

under Tension, Compression and Shear 

Loading Bone Fracture View project Skin 

Laceration View project Mechanical 

Behavior of Bovine Cortical Bone Tissue 

under Tension, Compression and Shear 

Loading,” 2018, doi: 

10.11395/aem.4.0_141. 



Orientational Variation and Failure criteria of Cortical bone under Shear 

conditions using FEM with its applications in Animals and Aquatic Species  

. 

 

 

 

Eur. Chem. Bull. 2023,12(1), 4651-4658                                                                                                                                                                                                4658 

Section A-Research 

paper 

 

[19] J. Al-Sukhun, C. Lindqvist, and 

M. Helenius, “Development of a three-

dimensional finite element model of a 

human mandible containing endosseous 

dental implants. II. Variables affecting the 

predictive behavior of a finite element 

model of a human mandible,” J Biomed 

Mater Res A, vol. 80, no. 1, pp. 247–256, 

Jan. 2007, doi: 10.1002/jbm.a.30881. 

[20] A. Rathi, A. Dixit, and N. K. 

Sharma, “Studies on shear behavior of 

cortical bone using Iosipescu test and 

FEM,” in Materials Today: Proceedings, 

2017, vol. 4, no. 8, pp. 7279–7284. doi: 

10.1016/j.matpr.2017.07.057. 

[21] A. Gustafsson, M. Wallin, H. 

Khayyeri, and H. Isaksson, “Crack 

propagation in cortical bone is affected by 

the characteristics of the cement line: a 

parameter study using an XFEM interface 

damage model,” Biomech Model 

Mechanobiol, vol. 18, no. 4, pp. 1247–

1261, Aug. 2019, doi: 10.1007/s10237-

019-01142-4. 

  

 


