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Abstract 

The tissue-level Young’s modulus of trabecular bone is important for detailed mechanical 

analysis of bone and bone-implant mechanical interactions. However, the heterogeneity and 

small size of the trabecular struts complicate an accurate determination. Methods such as 

micro-mechanical testing of single trabeculae, ultrasonic testing, and nanoindentation have 

been used to estimate the trabecular Young’s modulus. This review summarizes and classifies 

the trabecular Young’s moduli reported in the literature. Information on species, anatomic site, 

and test condition of the samples has also been gathered. Advantages and disadvantages of the 

different methods together with recent developments are discussed, followed by some 

suggestions for potential improvement, for future work. In summary, this review provides a 

thorough introduction to the approaches used for determining trabecular Young’s modulus, 

highlights important considerations when applying these methods and summarizes the 

reported Young’s modulus for follow-up studies on trabecular properties. 
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1.  Introduction  

Trabecular bone is a highly porous, multi-scale structure (Fig. 1). The mechanical properties 

of trabecular bone at different scales, or structural levels, depend on the architecture and 

intrinsic material properties of its constituents at that specific level. For example, for a single 

trabecula, the mechanical properties are principally determined by bone lamellae and their 

orientation; while for each lamella it is the mineral and collagen phase of the fibrils and the 

fibril structure that mainly determine the mechanical properties [1-5].  

Many have studied the relationship between architectural factors and the macro scale 

mechanical properties [6, 7], for instance to determine fracture risk. Parameters such as bone 

volume fraction (bone volume over total volume - BV/TV) and anisotropy have been 

correlated with macro level Young’s moduli and strength. However, the mechanical behavior 

at the macro scale is of course strongly affected by the mechanical properties of the individual 

trabeculae. Knowledge of the mechanical properties at the trabecular (strut) level is therefore 

crucial, and in particular for studies aiming at understanding bone fractures and bone-implant 

interaction. For instance, when the characteristic dimensions of an implant, e.g. a screw, is at 

the same scale as the surrounding trabeculae, a good description of the tissue level mechanical 

properties of the trabeculae is important to an accurate prediction of the screw performance.    

However, the studies available on trabecular level properties show a large variation in results.  

Characteristics of bone tissue are strongly affected by physiological and pathological 

conditions. Differences in mechanical properties might be found across e.g. species or patients 

affected by different types of diseases. Even within a specific piece of trabecular bone, the 

mechanical properties might vary as bone is constantly remodeling and adapting to external 

load according to Wolff’s law. What’s more, factors related to the mechanical testing, from 

sample preparation to post-processing of the test data, could contribute to the variation.    
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There is therefore a need for systematically evaluating the collected knowledge, with an aim 

of better understanding the sources of variation in the results as well as assessing the accuracy. 

However, to the best of our knowledge, reviews have thus far focused on one evaluation 

method only, i.e. Young’s modulus measurement results from, for instance, micromechanical 

tests [8], or nanoindentation [9]. In a more recent study [10], several methods were reviewed, 

however with a focus on the non-linear behavior, and without a detailed discussion.  

In the present review, we summarize the Young’s modulus of trabecular bone as estimated by 

a number of test methods, namely single trabeculae test, ultrasonic test, nanoindentation and 

numerical methods such as finite element analyses. Advantages and limitations of these 

methods are discussed, leading to suggestions for possible improvements and/or development 

of trabecular mechanical testing. 

Figure 1. …reproduced from [11] and [12] with permission). 

2.  Method 

A search in the bibliographic database PubMed was performed with the keywords ‘trabecula* 

tissue level elastic modulus’ or ‘trabecula* tissue level Young’s modulus’ or ‘single 

trabecula* bone elastic modulus’ or ‘individual trabecula* elastic modulus’ or ‘cancellous 

tissue level Young’s modulus’ or ‘trabecula* bone nanoindentation’ or ‘cancellous bone 

nanoindentation’. After confining to a publication date since 1975, this search produced 345 

articles, among which only the ones that gave tissue level Young’s modulus of trabecular 

bone were included in this review, a total of 110 articles.  

The review is further sub-divided according to methodological categories, and exclusion 

criteria were applied to further investigate the influence of study limitations on estimates of 

trabecular Young’s modulus. Studies were excluded if 1) the number of specimens was less 

than six, for statistical confidence [13]; 2) containing limitations that are considered to 

adversely affect the reliability of the test method, such as improper sample preparation. 
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3.  Results 

3.1 Micro-mechanical tests on single trabeculae 

A straightforward method to estimate the Young’s modulus of trabeculae is micro-mechanical 

testing on single trabeculae. However, due to the micro-to-millimeter scale of single 

trabeculae, challenges are present related to handling of the intrinsic inhomogeneous 

trabecular geometry, sample preparation as well as the very measurement of trabecular 

displacement. Nevertheless, several common mechanical tests have been performed on single 

trabeculae. The earliest study found in this review was in 1975, when individual trabeculae 

were subjected to buckling tests [14]. Following this, other mechanical tests, such as bending, 

tension and compression, have been performed. The results from these studies are 

summarized in Tables 1-2, with reported average Young’s moduli varying substantially, 

between 0.8 and 16.9 GPa. 

3.1.1 Bending tests 

The accuracy of a bending test strongly depends on the cross-sectional dimensions, which are 

far from homogeneous for a trabecula. To mitigate against this, trabeculae were milled into 

regular-shaped beams in some studies. The milling process was claimed to not cause any 

apparent physical defects or any significant difference in the results in tests on cortical bone 

[15]. However, this has not been proven for trabecular bone, for which milling may affect the 

trabecular microstructure [16].  

Single trabeculae obtained from the trabecular structure without further manipulation have 

been used in later studies, but the trabeculae were assumed to have homogeneous cross-

sections for the calculations. To reduce the error from the shape assumption, the dimensions 

of the trabeculae were evaluated before testing and only the ones with a tolerable ratio (in 

reference [17], it is defined as 1.3 : 1 between major and minor axis of the cross-section) were 

tested. The specimen Young’s modulus is calculated by linear elastic beam theory, usually 
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Euler-Bernoulli beam theory [16, 17], but higher order Timoshenko beam theory has also 

been applied to take into account shear deformation and rotational bending effects in 

relatively short beams [18]. 

The dependency of the trabecular Young’s modulus on sample size and testing parameters has 

been evaluated in bending. In a 3-point bending test, the Young’s modulus exhibited a 

significant negative linear correlation with trabecular thickness within the selected range (over 

90 μm, mean: 142.9 μm) [17], which might be attributed to a stronger influence of lacunae 

and microcracks for thinner trabeculae [8, 19, 20]. However, a micro-cantilever bending on 

single trabeculae showed no significant correlation of the estimated Young’s modulus with 

trabecular orientation, size or shape [21]. Bone mechanical properties are possibly affected by 

the testing strain rate due to the high collagen content [22]. A positive correlation between 

strain ratio (ratio of the HAp crystal strain to tissue strain) and Young’s modulus was reported 

for trabeculae [23]. However, for a range of relatively low strain-rates (0.01-3.4 s
-1

) no 

observable changes have also been reported [18].  

3.1.2 Tensile and compression tests 

The most challenging parts of a tensile test of single trabeculae are sample mounting and 

accurate sample displacement measurement. Custom-made grips [24], and glue [25] have 

been used for the sample mounting. However, in both studies, displacements were measured 

from the platen movement, which is unlikely to give a sufficient accuracy for specimens as 

small as individual trabeculae.  

Optical methods have been used for sample displacement measurement; however, it is hard to 

tell which would be the preferred method. For instance, the surface displacements of 

trabeculae were estimated by digital image correlation, and the Young’s modulus found to be 

9.21 ± 1.26 GPa [26]. A larger variation (4.5-23.6 GPa) was reported when the tensile test 

was performed under a microscope [23]. In contrast, displacement measurements taken using 
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a custom laser Michelson interferometer generated a low estimated Young’s modulus (1.41 to 

1.89 GPa), even though the uncertainty was reported to be only about 20% including the 

specimen size effect and instrumental uncertainty [27].  

Compression tests on milled cubes from single trabeculae have also been performed. The 

Young’s moduli and Poisson’s ratio in three orthogonal material directions were estimated by 

compressing wet trabeculae cubes (0.3 mm in dimension) [28]. It was reported that the 

Young’s modulus in the trabeculae longitudinal direction (E1=3.47 ± 0.41 GPa) was 

significantly higher than that of the transverse directions (E2=2.57 ± 0.28 GPa and E3=2.54 ± 

0.22 GPa). However, the effect of milling on the mechanical properties of trabeculae and the 

reliability of the system were not verified.  

3.1.3 Sources of error in micro-mechanical tests 

The main factors affecting the accuracy of micro-mechanical tests vary depending on the test 

set-up. In tensile tests, there are two main sources of errors. One is the inaccurate 

displacement measurement after sample fixation. Commonly used cyanoacrylate glue is less 

stiff than trabeculae, and will hence deform more. Platen displacement measurements will be 

a combination of glue and trabecula deformation. Therefore, an increasing number of studies 

are using optical methods to estimate the displacement in single trabecula tensile tests. 

Another factor is the misalignment of the specimen central line to the loading axis, which may 

lead to uncontrolled shear stresses [8]. Unfortunately, the intrinsic heterogeneous material and 

far-from regular geometry of a single trabeculae (Fig. 2) make the compensation of 

misalignment errors rather complex. Compressive tests of single rod-like trabeculae share 

similar error sources. In compressive tests of trabeculae cubes, however, the main error source 

is the estimation of the size of the contact surfaces. Bending tests are relatively easier to 

implement, however, the calculated Young’s modulus from bending tests is sensitive to 
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specimen geometry since it is theoretically affected by both the specimen length to the power 

of three and its cross sectional area moment of inertia that may vary along the specimen.  

Besides, strain distribution within the specimen might be estimated by digital image 

correlation; rigorous estimation of stress is difficult in the micro-mechanical tests 

aforementioned due to the heterogenetic shape of single trabecula. Combination of numerical 

analysis with the micro-mechanical tests has been applied to take the irregular shape into 

account [29, 30]. Specimen stiffness could be estimated from the simulation. However, it 

should be noted that assumptions in the numerical model, especially the setting of boundary 

conditions, are critical as they define the stress distribution in the samples [31] and hence the 

internal force equilibrium in the samples. 

For the micro-mechanical tests, the factors considered to adversely affect the reliability of the 

estimated Young’s modulus were milled specimens and trabecular displacement measured 

from the platen displacement.   

Figure 2.  

Table 1. Trabecular Young’s modulus as determined by bending tests. 

Reference Species Anatomical site Gender Age 
Healthy 

state 

Condi 

-tions 
N.I./N.S† 

Young’s 

modulus 

(GPa) 

Kuhn 1989 [32] Human iliac crest M 63 healthy wet  1/29                                                                                                                                                                                                               4.16±2.02 

Human iliac crest M 23 healthy wet 1/13 3.03±1.63 

Choi 1990[15] Human proximal tibia M 60 healthy wet 1/20 4.59±1.6 

Choi 1992[16] Human tibia M 59 healthy wet 1/23 5.72±1.27 

Busse 2009[17] Human T12 vertebrae F 49 healthy dry 8/160 2.16±0.53* 

F 78 osteoporotic dry 12/240 1.2±0.55* 

Lorenzetti 2011[33]‡ Ovine femoral head - - - - 1/2 15.0, 16.8 

Szabó 2011[18] Bovine proximal tibia - - - wet 1/43 1.13-16.46* 

Jungmann 2011[34]  Bovine proximal femur - - - wet -/10 2.0±1.0* 

Zlamal 2012[35]                                                                                                                                                                                                                                                                                                                                                                                                                                           Human femoral head M 72 - - 1/- 9.34±1.36* 

Carretta 2013 [30] ‡ Bovine femur - <3 - dry 1/5 4.43±1.83 

- 14 - dry 1/6 10.16±1.37 

Carretta 2013[29] ‡ Human femur F 56 healthy dry 1/8 10.09±2.42* 

F 54 secondary 

osteoporosis 

dry 1/8 11.38±1.42* 

Yamada 2016[21] Bovine femur - 2 - - 1/10 9.1±5.4* 

†: N.I./N.S. is short for Number of Individuals/Number of Specimens  
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*: studies remaining after applying the exclusion criteria 

‡: studies including finite element simulation in the estimation of tissue Young’s modulus; see section 3.5 for details 

 

Table 2. Trabecular Young’s modulus as determined by tension and/or compression tests. 

Reference 
Test  

method 
Species 

Anatomical 

site 
Gender Age 

Condi

-tions 
N.I./N.S† 

Young’s 

modulus (GPa) 

Townsend 

[14] 

Buckling Human proximal tibia - - wet -/9 11.38 

Buckling Human proximal tibia - - dry -/9 14.13 

Ryan1989[24] Tension Bovine distal femur - - wet -/38 0.75±0.39 

Rho 1993[25] Tension Human proximal tibia - - dry 1/20 10.4±3.5 

Bini 2002[27] Tension/ 

Compression 

Human femur - - dry -/3 1.41-1.89 

Hong2007[28] Compression Human femoral head - 14-77 wet 7/21 3.47±0.41 

Jirousek 

2011[26] 

Tension Human proximal 

femur 

M 72 dry 1/16 9.21±1.26* 

Carretta 

2013[30] ‡ 

Tension Bovine femur - <3 dry 1/5 11.84±2.6* 

- 14 dry 1/5 15.56±2.47* 

Carretta 

2013[29] ‡ 

Tension Human femur F 56 dry 1/8 Healthy: 

16.24±2.47* 

F 54 dry 1/8  Osteoporosis: 

16.85±2.1* 

Yamada 2014 

[23] 

Tension Bovine femur - 2 - 3/18 11.5±5.0* 

†: N.I./N.S. is short for Number of Individuals/Number of Specimens  

*: studies remaining after applying the exclusion criteria 

‡: studies including finite element simulation in the estimation of tissue Young’s modulus; see section 3.5 for details 

 

3.2 Ultrasonic methods 

Ultrasonic methods have also been used in the measurement of elastic properties of bone, 

based on a relationship between the velocity of wave propagation and elastic properties of the 

specimen. Young’s modulus and Poisson’s ratio in all directions can be obtained from the 

same specimen with this nondestructive method. However, due to the large void fractions in 

trabecular bone, ultrasonic waves are strongly attenuated, which makes the use of ultrasound 

to measure these elastic properties of bone a complex problem [36]. Usually a bar-wave 

assumption is applied even though whether the wave propagation mode is pure bar-wave or 

not is not clear [37]. Trabecular property measurements by ultrasonic methods were reported 

several times during the 1990s, and once in 2017 (Table 3). A mean Young’s modulus of 14.8 

± 1.4 GPa was reported for single trabeculae from a human proximal tibia [25]. Other studies 

on trabecular cubes reported 13.0 ± 1.5 GPa [38] and 17.5 ± 1.1 GPa [39] for human femoral 
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samples and 10.0 ± 1.3 GPa for human vertebral samples [37]. Recently, resonant ultrasound 

spectroscopy of trabecular bone has been complemented with finite element analyses. The 

four bovine bone specimens tested showed an Young’s modulus of 13.12 ± 1.06 GPa [40]. 

However, it should be noted that results from the dynamic ultrasonic tests and quasi-static 

micromechanical tests cannot be compared directly because of the completely different strain 

rates involved [8].  

The studies with a specimen number less than six were excluded but no exclusion filter on 

implementation factors was considered for the ultrasonic testing.  

Table 3. Trabecular Young’s modulus as determined by ultrasonic testing. 

Reference Species Anatomical site Gender Age 
Healthy 

state 

Condi-

tions 
N.I./N.S† 

Young’s 

modulus (GPa) 

Rho 1993[25] Human proximal tibia - - - dry 1/20 14.8±1.4* 

Ashman 

1988[38] 

Human femur - - - wet -/52 13.0±1.47* 

Bovine femur - - - wet 1/15 10.9±1.57* 

Nicholson 

1997[37] 

Human lumbar vertebrae both 22-92 - dry 50/48 9.98±1.31* 

Turner 

1999[39] 

Human distal femur M 65 healthy dry 1/3 17.5±1.12 

Daoui 

2017[40] 

Bovine femoral head - 2 - wet 1/4 13.12±1.06 

†: N.I./N.S. is short for Number of Individuals/Number of Specimens  

*: studies remaining after applying the exclusion criteria 

 

3.3 Nanoindentation 

Nanoindentation has been considered a relevant test for nanomechanical properties of bone 

tissue since Oliver and Pharr [41] improved the accuracy to within 5% in 1992. However, the 

Young’s modulus estimated by nanoindentation could be affected by sample preparation and 

indentation parameters and reported average values vary as much as between 1.3 and 22.3 

GPa (Table 4), with a majority of values however lying closer to the higher value. One should 

also have in mind that the method estimates properties locally, on a submicron structural scale. 

3.3.1 Factors  

Trabecular structures are usually dried before testing for easier implementation. The drying 

process has however been found to increase the Young’s modulus of trabeculae by about 24% 
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[14]. The specimens are also commonly embedded in poly (methyl methacrylate) (PMMA) or 

epoxy resin, and polished to provide a flat surface. Indentation on dog trabecular bone showed 

no effect of the embedding materials on the Young’s modulus [42]. A significant difference 

was found on surface roughness between thick and thin lamella when cortical bone samples 

were mechanically polished but not for microtomed samples. The thick lamella showed higher 

Young’s modulus than thin lamella for microtomed samples, but not for polished samples 

[43]. When the ratio of indentation depth to surface roughness was smaller than 3:1, the 

measured indentation modulus showed a larger variation [44]. 

Parameters such as loading rate (200-800 μN/s), loading magnitude, and indentation depth 

(200-500 nm) were reported to be of no significant influence [42]. However, contradictory 

results have been reported. The indentation modulus decreased for thick trabecular lamellae 

[44, 45], but not for thin trabecular lamellae [44] with increasing indentation depth. 

Poisson’s ratio (ν) is assumed to be 0.3 in most of the studies, when calculating the Young’s 

modulus from the indentation load-displacement curve. A variation of ν in the range of 0.2 to 

0.4 was found to give no more than 8% change in Young’s modulus [46]. 

Finally, no study in Table 4 was excluded as the effects of the factors hardly reach an 

agreement, and usually a large number of indentations were performed by this method. 

3.3.2 Summary 

Nanoindentation measures material properties at the submicron level, in which local defects 

such as lacunae and osteocyte holes are avoided by careful placement of the indentations [47]. 

On the other hand, micro-mechanical tests measure material properties at the millimeter level, 

which is a combination of bone packets with different lamellae directions, boundary effects 

between bone packets and all local defects. The difference in scale probably results in a 

distinctive difference in Young’s modulus between micro-mechanical tests and 

nanoindentation. What’s more, the nanoindentations are usually made in the highly 
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mineralized core of the trabeculae to avoid effects of the embedding resin [46], which may 

add to a further discrepancy in the Young’s modulus. It is therefore advised to carefully 

consider the level of interest when choosing which data to use. 

More information about how the Young’s modulus is calculated from nanoindentation load-

displacement curves and the application of nanoindentation to cortical bone can be found in 

the reviews from Lewis and Nyman [48] and Zysset [9]. 

 

Table 4. Trabecular Young’s modulus as determined by nanoindentation. 

Reference Species Anatomical site Gender Age 
Healthy 

State 

Condi

-tions 
N.I. 

Young’s 

modulus (GPa) 

Rho1997[46] Human vertebra M 57,61 - dry 2 T: 13.4±2 

Zysset 

1999[49] 

Human femoral neck both 53-93 - wet 8 11.4±5.6 

Rho 1999[47] Human vertebrae both 61±3.4 - dry 3 

7 

L: 19.4±2.3 

T: 15.0±2.5 

Turner 

1999[39] 

Human distal femur M 65 healthy dry 1 18.14±1.7 

Hoffler 

2000[50] 

Human femoral neck both 27-93 healthy wet 27 11.1±2.4 

Hoffler 

2000[51] 

Human vertebrae M 40-85 healthy wet 10 8.02±1.31 

distal radius M 40-85 healthy wet 10 13.75±1.67 

Hengsberger 

2002[45] 

Human femoral neck F 86 healthy dry 1 11.06-30.6 

wet 1 7.4±0.45 to 

18.5±4.9 

Mittra 

2006[42] 

Dog femur - - - dry 5 12.97±4.15 

Donnelly 

2006[44] 

Rabbit distal femur - - - dry 2 16-25 

Wang 

2006[52] 

Bovine vertebrae - - - dry 5 L: 20.0±2 

T: 14.7±1.9 

Fan 2006[53] Human tibia - 3.2-12.4 OI, III dry 4 13.6±3.38 

Fan 2007[54] Human iliac crest - 2.7-9.8 OI, III dry 4 18.56±2.03 

    1.9-13.2 OI, IV dry 6 18.27±2.5 

Chevalier 

2007[55] 

Human proximal femur both 73-91 - dry 3 19.6-22.3 

Norman 

2008[56] 

Human proximal femur M 50-85 healthy dry 5 I, T: 14.22±1.07 

O, T:12.25±1.01 

Harrison 

2008[57] 

Ovine L5 vertebra - - - dry 8 8.3±3.66 

Isaksson 

2010[58] 

Bovine proximal tibia - 1.5 - dry 8 18.9±4.2 

Wolfram 

2010[59] 

Human vertebrae both 37-84 - wet 10 12.3 

     dry 10 15.4 

Wolfram 

2010[60] 

Human vertebrae both 21-94 - wet 104 9.1 

     dry 104 12.7 

Smith 2010 

[61] 

Human femoral F 44,61,68 healthy dry 3 22.34±3.01 

Tjhia Human iliac F 49-74 healthy dry 12 16.7±0.7 
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2011[62]  iliac F 20-40 healthy dry 20 15.6±1.2 

  iliac F 53-76 osteoporotic dry 11 15.7±13 

Jirousek 

2011[26] 

Human proximal femur M 72 - dry 1 16.34±1.76 

Milovanovic 

2012[63] 

Human femoral neck F 27-38 healthy dry 5 1.28±0.16 

F 83-94 healthy dry 3 1.97±0.52 

Zlamal 

2012[35] 

Human femoral head M 72 - - 1 15.39±1.4 

Polly 

2012[64] 

Human iliac F >46 healthy dry 15 Pr:14.23±2.95 

    healthy dry 15 Po:14.51±3.39 

Giambini 

2013[65] 

Human vertebra T7 F 73-100 - dry 5 A: 19.8±1.3 

P: 17.8±2.2 

vertebra T8 F 73-100 - dry 5 A: 19.6±1.4 

P: 18.8±1.2 

vertebra L4 F 73-100 - dry 5 A: 17.6±0.5 

P: 17.5±1.1 

Kim 2015[66] Human mandibular 

condylar 

M 54-96 - wet 9 5.11±2.82 

N.I.: Number of Individuals  

T: Transversal direction;   L: Longitudinal direction;   I: inner; O: Outer; A: Anterior; P: Posterior 

OI: Osteogenesis Imperfecta 

Pr: Premenopausal;  Po: Postmenopausal 

 

3.4 Combination of macro-level mechanical testing and numerical models for tissue level 

properties 

Combining mechanical testing of macro-level trabecular bone with numerical methods such 

as finite element analyses to estimate the tissue-level Young’s modulus was first proposed by 

van Rietbergen et al. [67]. A digitized trabecular structure was generally obtained by X-ray 

micro-computed tomography, and the tissue-level Young’s modulus was numerically 

estimated by comparing the global stiffness in simulations with a mechanical experiment on 

the same piece of bone. This method is referred to as micro-finite element methods in the 

literature and the whole process is illustrated in Fig. 3. This method has predicted average 

tissue-level trabecular Young’s moduli of 5.6-20 GPa (Table 5). 

Generally, trabecular cubes of 5 mm edge length or trabecular cylinders of 5-8 mm diameter 

were tested. The minimum sample size to be representative of the whole bone specimen for 

this method was not reported as the specimens tested were usually fully modeled in the finite 

element simulation. The effect of modelling a sub-region depends on the bone volume 

fraction. Low-density bone was reported to be more affected by the sub-region modelling [55]. 
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However, the BV/TV difference between the sub-regions and the full model was not 

compensated for in the paper, which makes it hard to distinguish the size effect and BV/TV 

factor. 

The global threshold used when mathematically segmenting trabecular bone from computer 

tomography images has a large influence on bone volume fraction and trabecular connection, 

especially for low-density bone at a low resolution. When the bone volume fraction is less 

than 0.15, a variation of 0.5% in the threshold was found to result in 5% difference in bone 

volume [68]. The golden standard for determining this threshold is to use the Archimedes 

principle, by keeping the same bone volume in the numerical model as that of the Archimedes 

results. However, the global threshold tends to thicken trabeculae with a higher grayscale 

level due to the partial volume effect [69]. 

 Figure 3.  

Several meshing techniques have been developed to create complex three-dimensional finite 

element meshes automatically. One is to convert voxels directly into eight-node brick 

elements. Due to the massive amount of voxels achieved by computed tomography, a 

coarsened mesh is sometimes used to reduce computation time. However, the choice of voxel 

size can be critical. When the voxel size was coarsened by two times, from initially 40×40 

µm
2
, only a slight increase in tissue modulus was found [70]; when coarsened by six times, 

the global Young’s modulus decreased by 60-80% [71]. What’s more, the choice of voxel size 

is simultaneously affected by the trabecular thickness. A continuous decrease in global 

Young’s modulus was found with increasing voxel size for thin trabeculae but not for thick 

trabeculae [72].  

Another meshing technique generates tetrahedral elements with relatively smooth surfaces 

from segmented computed tomography images, which reduces stress concentration. When the 

voxel size is small, the two meshing techniques have been reported to give similar results (in 
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terms of Young’s modulus); whereas with a larger voxel size the tetrahedral mesh gave 

different results than the hexahedral mesh, as the loss of trabecular connections was reduced 

[72]. To conclude, a high resolution image from computed tomography scan or a sufficiently 

small voxel size (one fourth of the trabecular thickness [73]) of the mesh is needed to 

guarantee enough conservation of trabecular connections.  

The accuracy of numerical methods ultimately depends on the implementation of the 

experiments, especially the boundary conditions. Usually endcaps are used to eliminate 

boundary artifacts in mechanical testing. The effect of boundary conditions was demonstrated 

by comparing the displacement fields from numerical simulations with results from digital 

volume correlation. Once the boundary layers of the trabecular bone were prescribed by the 

displacements from digital volume correlation, the displacement fields of the whole trabecular 

bone correlated well [74].  

3.4.1 Limitations 

It should be noted that there are two main limiting assumptions in the numerical simulations. 

First, the mechanical behavior of the trabecular bone in the models is assumed to be linear 

elastic. This is considered a reasonable assumption as studies on both single trabeculae and 

larger trabecular bone samples have not shown signs of nonlinear elasticity [29, 57] at 

relatively small deformations. The second limiting assumption is that the trabecular bone is 

considered homogeneous, which is not the case in reality. Inhomogeneous distribution of 

bone mineral density was observed in trabecular cross-sections by scanning electron 

microscope [17] and computed tomography [75], and higher Young’s modulus was found in 

the core of the trabeculae [57, 76]. The estimated Young’s modulus is a homogenized 

Young’s modulus for the whole trabecular bone structure being tested. Also, the size effect of 

the trabecular bone cores has not been studied systematically.  

3.4.2 Effect of bone heterogeneity   
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Heterogeneous properties, which refer to the inhomogeneous Young’s moduli in trabecular 

bone, have also been included in some numerical models by having varying Young’s moduli 

in the voxels. For random variation, about a 10-20% reduction in global modulus was shown 

when the variation coefficient in the models reached 50% [77]. When the voxel modulus was 

scaled more realistically based on X-ray attenuation, or on the distance to the nearest surface 

(Fig. 4), no significant difference in the global Young’s modulus was found if the mean 

Young’s moduli for the whole model remained the same [78]. 

 Figure 4. (Reprinted from [11] with permission); … from [17] with permission  

The relations between bone mineral density and global Young’s modulus were also applied to 

scale voxel Young’s modulus. A higher mean equivalent strain was found [79]. The 

overestimation of global Young’s moduli was reported to be maximally 21% in the 

homogeneous model of mandibular condyle samples [80, 81].  It should be noted that whether 

the global relations applied in these studies work at the micro-level still needs to be validated. 

Furthermore, bone mineral density obtained from laboratory computed tomography was less 

than that obtained from synchrotron radiation micro-computed tomography [82], which could 

affect the difference between homogeneous and heterogeneous numerical models. The global 

Young’s modulus of the heterogeneous model was about 15% lower than that of the 

homogeneous model, but only around 10% [75] or even 2.2% [83] for numerical analyses 

based on synchrotron data. However, the high energy accompanied by synchrotron X-rays has 

been shown to affect the protein arrangement in cortical bone, making it more brittle, and 

consequently its fracture behavior [84]. Some studies have reported effects of the synchrotron 

radiation on the mechanical properties of trabecular bone [85, 86], while other studies have 

reported no effect, especially on the Young’s modulus [87-89]; however results from 

synchrotron experiments and other high-energy CT analyses should be treated with caution. 

Five studies remained after applying the exclusion criteria, considering factors adversely 
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affecting the reliability to be i) image resolution worse than 50 µm and ii) an element size in 

the finite element models of more than 80 µm. A summary plot of the trabecular Young’s 

modulus from the remaining studies after filtering is provided in Appendix A (For the other 

species, i.e. dog, rabbit and ovine, only one study remained for each species, and were hence 

not included for clarity). 

 

Table 5. Trabecular Young’s modulus as determined by finite element analyses. 

Reference Species 
Anatomical 

site 
N.I. /N.S. 

†
 Age Gender Conditions 

Young’s 

modulus 

(GPa) 

van Rietbergen 

1995[67] 

Human proximal tibia 1/1 - - - 5.91 

Hou 1998[90] Human vertebrae 28/28 - - - 5.7±1.6 

Ladd 1998[91] Human vertebrae 5/5 63-80 M wet 6.6 

Kabel 1999[92] Whale vertebrae 1/29 - - wet 5.6±0.2 

Niebur 2000[93]* Bovine tibia 7/7 2 M - 18.7±3.4* 

Day 2001[94]* Human proximal tibia 9/9 53-80 both wet Medial side: 

9.0±5.1* 

   9/9 53-80 both wet Lateral side: 

8.1±4.8* 

Ruijven 2003[95]* Human mandibular 

condyle 

23/23 74.8±11.7 both - 11.1±3.2* 

Verhulp 2008[96]* Bovine proximal tibia 1/7 - - - 6.45±1.1* 

Verhulp 2008[70] Bovine proximal tibia 1/1 - - wet 6.77-7.59 

Bayraktar 

2004[97]* 

Human femoral neck 11/12 51-85 both wet 18.0±2.8* 

† :N.I./N.S. is short for Number of Individuals/Number of Specimens  

*: studies remaining after applying the exclusion criteria 

 

3.5 Combination of tissue level mechanical testing and numerical models  

Finite element analyses have also been combined with nanoindentation tests for confirmation 

of the models. The tissue modulus estimated by nanoindentation under wet conditions (12.3 

GPa) was used as input material properties for the model, and the global Young’s modulus 

was compared with corresponding experimental tests. A high correlation (R>0.96) was found 

for tension and compression, and moderate correlation (R=0.81) for torsion [59]. The range of 

Young’s moduli estimated by nanoindentation (3.1-19.8 GPa) has also been used to generate 

heterogeneous finite element models of trabecular bone. Tests on ovine vertebrae were 
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reported to reproduce the experimental global modulus accurately, and stress concentrations 

at fracture were also captured [57].  

Combining numerical analyses with single trabecular tests to address the effect of irregular 

geometry and boundary conditions has also been done [33, 34]. This added more reliability to 

the estimated Young’s modulus by including high accuracy displacement measurement with 

fluorescent confocal microscopy. A difference in the Young’s modulus was found between 

tensile and bending tests. Tensile tests showed significantly higher Young’s modulus values 

than bending tests for bovine [30] and human [29] femoral samples. The reason for this could 

be their different sensitivity to the non-homogeneity and local discontinuity (lacunae and 

canaliculi) in single trabeculae. Generally, the estimated Young’s modulus was in the upper 

region of the reported ranges (Table 1-5), i.e. 10.1-16.9 GPa. Detailed results are included in 

Table 1-2.   

It should be noted that the numerical simulations aforementioned are based on the classic 

elasticity continuum model. Other theories of generalized continuum such as the micropolar 

theory of elasticity have also been applied to compute elastic couple-stress modulus of 

trabecular bone [98-100], which is different to the Young’s modulus discussed here, and thus 

not included. 

3.6 Factors affecting the Young’s modulus of trabecular bone 

From a material point of view, the trabecular Young’s modulus is determined by the bone 

composition. In the study of J.D. Currey [5], correlations of Young’s modulus with calcium 

content were reported for cortical bone. A weak but significant correlation between Young’s 

modulus and calcium content was reported for healthy trabecular bone by nanoindentation 

[61]. A consistent difference in mineral content and Young’s modulus was also reported 

between superficial and deep trabecular packets [101]. The effect of the other bone 

constituents (the organic and water phases) has also been proposed in a recent study [102]. 
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However, further research is needed to fully understand the relative contributions of the three 

constituents to the mechanical behavior of trabecular bone.  

From a biological point of view, the trabecular Young’s modulus might be affected by the 

physiological and pathological conditions of the tested bone. Bovine specimens showed 

slightly lower Young’s modulus than human specimens by ultrasonic testing [38] and tension 

[29, 30], but little difference in bending [29, 30]. In a theoretical study where they estimated 

the hydroxyapatite content of the tested samples [38], no clear difference was shown between 

the two species [103]. No gender dependency was found in Young’s modulus by 

nanoindentation [50, 104] and in the calcium concentration [105]. Significant different 

Young’s moduli have been reported between two anatomical sites: vertebrae and distal radius 

[45]. Old bovine bone samples showed significantly higher Young’s modulus over young 

ones [30], and healthy human vertebrae over osteoporotic ones [17]. However, contradictory 

results have also been reported where the trabecular modulus showed no dependency on age 

[50] and healthy bones showed slightly lower Young’s modulus than secondary osteoporosis 

bones [29, 30].  Bone tested wet showed lower Young’s modulus than dry ones by 

nanoindentation [45, 59, 60]. 

The natural variation in trabecular Young’s modulus has been reported by several studies. J. 

Norman et al. [56] found that the coefficient of variation was 8% within a single trabecula, 17% 

within the same specimen, and comparably 22% among from five human femoral bone 

specimens. When evaluating samples from the same anatomic site of more than 20 human 

individuals, the reported ranges were 2.7-9.1 GPa (mandibular condyle) [90] and 8.5-15.6 

GPa (T12 vertebral body) [95], which might reflect the inter-individual variation of trabecular 

Young’s modulus. Bone density or remodeling state of the single trabeculae might contribute 

to this variation; however, these factors are not discussed here due to the lack of information 

in the reviewed articles.   
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To get an overview of the effect of different factors, trabecular Young’s moduli in Table 1-5 

were weighted and summarized shown in Fig. 5. Values reported by nanoindentation were 

weighted by the number of individuals due to the unclear number of indentations on one or 

several trabeculae; values from the other methods were weighted by number of 

specimens/trabeculae. Studies on osteoporotic bone were excluded due to the limited amount 

of data. Studies where no information on the plotted categories was available were also 

excluded. Results from all ages were pooled as they were reported for different age groups by 

the literature such as 53-93 years old [49] and 22-92 years old [37]. Due to the lack of 

information it is difficult to draw any conclusions from Figure 5, other than a strong 

suggestion to report detailed information on the tested bone in coming studies, in order to 

enable statistical analysis in the future.  

Figure 5. 

4.  Potential improvements/Future work 

4.1 Estimating more tissue-level mechanical properties of trabecular bone 

To the best of our knowledge, no studies have estimated the Poisson’s ratio of trabecular bone 

properly. The commonly used 0.3 might not be correct. For example, calcium phosphate 

cement has a Poisson’s ratio of 0.26 [106], and soft tissues can lie above 0.4 [107]. Even 

though the Poisson’s ratio has been reported not to have a strong effect on nanoindentation 

results, it is still needed for more accurate simulations, especially for future simulations at the 

micro/tissue level of trabeculae. 

4.2 Validation of the numerical models of single trabecular bone 

None of the currently reported numerical models of trabecular bone, neither homogeneous nor 

heterogeneous, have been experimentally validated in terms of strains.  

Existing models [57, 59] can only predict the global elastic response and stress fields in a 

qualitative way. A numerical model that is validated by experiments in different loading 
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scenarios and is able to quantitatively simulate local stresses/ strains in the trabecular bone 

has still not been reported. 

When the local stress in the trabecular bone is of interest, a heterogeneous model might still 

be needed. Even though current research tends to suggest that a homogeneous model does not 

overestimate the global Young’s modulus, local stresses and strains are most likely affected 

[79].  

4.3 Application of imaging techniques 

With the continuous development of imaging techniques and sophisticated numerical models, 

simulations of trabeculae could rise to the next level, by for example, including the lamella or 

fibril. Fibril orientation within a single trabecula can be estimated by small-angle X-ray 

scattering [108]. Bone packets can be distinguished by high-resolution computed tomography. 

By considering the trabecular fibril orientation or packets in the numerical simulation of 

single trabeculae, a more detailed numerical model for single trabecula may be established. 

The large variation in Young’s moduli of different specimens or the different Young’s moduli 

estimated by tensile and compression tests might thereby be more trustworthy explained.  

Further, improving imaging techniques may contribute to the solution of the validation issue 

mentioned in Section 4.2. Among recent studies, assumptions such as homogeneous material, 

small deformations and the widely used Poisson’s ratio of 0.3 in numerical simulations are not 

validated by experimental results. For instance, in the foreseeable future, studies of single 

trabeculae tests within synchrotron radiation experiments can be performed and the behavior 

of the trabeculae can be captured simultaneously, which could provide a preliminary 

experimental validation at small scales.  

5.  Conclusions 

The average Young’s modulus of trabecular bone reported by the reviewed literature ranges 

from 1 to 22.3 GPa. The reported variation is a result of physiological and pathological 
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conditions, as well as methodology related limitations that are due to the intrinsic hierarchical 

structure, heterogeneous material properties and natural geometry of trabecular bone. This 

study summarized and discussed the limitations and assumptions of the applied methods. By 

applying certain exclusion criteria, evaluating the potential accuracy of the studies, studies 

reporting more reliable data were marked in the tables (still giving a range of 1.2 to 22.3 GPa). 

An overview of the effect of different factors was summarized. It is expected that, with 

improvements in measurement resolution and more methods and studies reported, the 

mechanical properties of trabecular bone and variations among species, genders, ages and 

anatomical sites will be better understood in the future.  
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Figure 1. Hierarchical structure of trabecular bone (Image 2 and 3, counting from the left, from 

computed tomography, TOMCAT, PSI, Switzerland (ethics committee approval EK-29/2007, 

Zürich) the others reproduced from [11] and [12] with permission). 

 

Figure 2. Computed tomography of a single trabecula isolated from human femoral trabecular 

bone: a) 3D reconstructed volume showing the irregular geometry and b) a cross-section view 

along the longitudinal direction showing the intrinsic heterogeneous material density within the 

trabecula. (Images from TOMCAT, PSI, Switzerland (ethics committee approval EK-29/2007, 

Zürich)) 

 

Figure 3. Combining macro-level mechanical testing and numerical simulation to estimate bone 

elastic modulus. 

 

Figure 4. Mineral content distribution in single trabeculae: a) showing a lower average mineral 

content (in vol%) in the surface packets, by quantitative backscattered electron imaging 

(Reprinted from [11] with permission); b) showing less mineralized outer surfaces compared to 

the core, as indicated by scanning electron microscopy (Reprinted from [17] with permission). 

 

Figure 5. Distribution of trabecular elastic modulus reported by the reviewed literature as a 

function of method, site and species. Values from nanoindentation tests were weighted by 

number of individuals; values from the other methods were weighted by number of specimens. 

Osteoporotic and unscreened bones are not included. Studies without information on the plotted 

factors were also excluded. Outliers (1.5 times the interquartile range) and extreme outliers (3 

times the interquartile range) are denoted as circles and asterisks, respectively. 

 

Appendix A 

Figure 1. Trabecular elastic modulus reported by studies remaining after filtering (see methods 

section for details). For the other species, i.e. dog, rabbit and ovine, only one study remained for 

each species, and were hence not included for clarity.  

 

Table 1. Trabecular Young’s modulus as determined by bending tests. 

 

Table 2. Trabecular Young’s modulus determined by tension and/or compression tests. 

 

Table 3. Trabecular Young’s modulus as determined by ultrasonic testing. 

 

Table 4. Trabecular Young’s modulus as determined by nanoindentation. 

 

Table 5. Trabecular Young’s modulus as determined by finite element analyses. 
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