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Abstract
Osteoporosis (OP), a skeletal disease making bone mechanically deteriorate and easily fracture, is a global public health issue 
due to its high prevalence. It has been well recognized that besides bone loss, microarchitecture degradation plays a crucial 
role in the mechanical deterioration of OP bones, but the specific role of microarchitecture in OP has not been well clarified 
and quantified from mechanics perspective. Here, we successfully decoupled and identified the specific roles of microarchi-
tecture, bone mass and tissue property in the failure properties of cancellous bones, through μCT-based digital modeling and 
finite element method simulations on bone samples from healthy and ovariectomy-induced osteoporotic mice. The results 
show that the microarchitecture of healthy bones exhibits longitudinal superiority in mechanical properties such as the effec-
tive stiffness, strength and toughness, which fits them well to bearing loads along their longitudinal direction. OP does not 
only reduce bone mass but also impair the microarchitecture topology. The former is mainly responsible for the mechanical 
degradation of bones in magnitude, wherever the latter accounts for the breakdown of their function-favorable anisotropy, 
the longitudinal superiority. Hence, we identified the microarchitecture-deterioration-induced directional mismatch between 
material and loading as a hazardous feature of OP and defined a longitudinal superiority index as measurement of the health 
status of bone microarchitecture. These findings provide useful insights and guidelines for OP diagnosis and treat assessment.

Keywords  Trabecular bone · Ternary framework · Bone loss · Structure–function relation · Damage and fracture · 
Longitudinal superiority index

1  Introduction

Osteoporosis (OP) is a skeletal disease manifesting low 
bone strength and high risk of bone fracture (Lin and Lane 
2004; Rachner et al. 2011). Today OP has become an impor-
tant public concern all over the world, with more than 200 
million people worldwide affected by OP (Lin and Lane 
2004). As the global population is fast aging, the number of 
people suffering from OP has been increasing every year, 
which brings a huge economic burden to the family and the 
national medical system (Becker et al. 2010). Cancellous 
bone, also called trabecular or sponge bone, is a kind of open 
cell porous material rich and dominant around major joints 
such as spine, hip and wrist, owning important mechanical 
functions such as distributing load and absorbing impact 
energy (Keaveny et al. 2001). Compared with cortical (com-
pact) bone, cancellous bone has a low weight and large sur-
face area per volume, contains many blood vessels and red 
bone marrow and constructs an active site for metabolic 
and hematopoiesis activities. Therefore, the responses and 
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activities of osteoblasts and osteoclasts are especially quick 
and active in cancellous bones, and consequently, they are 
more sensitive and susceptible to OP (Fonseca et al. 2014; 
Riggs and Melton 1995). This is why OP-induced bone frac-
tures usually happen in the cancellous bone dominant posi-
tions such as hip, spine and wrist (Ciarelli et al. 2000; Ham-
bli et al. 2012; Homminga et al. 2002; Jordan et al. 2003). 
Hence, in-depth studies on the mechanical deterioration of 
cancellous bone with OP are essential and crucial for OP 
prevention, diagnosis and treatment.

Now bone mineral density (BMD) is the most widely 
utilized measurement for the diagnosis and assessment of 
OP in clinics. BMD is a good index measuring the overall 
bone mass, but does not reflect other aspects of bone such as 
microarchitecture and tissue properties (Licata 2009). Con-
sequently, BMD can only account for approximately 70% 
of bone strength, and fair and negative correlation between 
BMD decrease and bone fracture has been reported (Cum-
mings et al. 2002; Delmas and Seeman 2004). To comple-
ment BMD, the concept of bone quality was proposed in 
clinics to better elucidate the bone strength. Bone quality 
is a general terminology covering many aspects of bone, 
for instance, microarchitecture, remodeling rate, properties 
of collagen, and age (Donnelly 2011; Fonseca et al. 2014; 
McNamara 2010; Seeman and Delmas 2006). Consequently, 

it is difficult to quantify it with a scalar or tensor variable, 
and thus, it is almost impossible to establish a closed-form 
expression within the “bone mass-bone quality” binary 
framework to quantify the mechanical deterioration of OP 
bones. Cancellous bone can be considered as a composite 
consisting of bone tissue and porosity, and the composite 
theory tells us that a ternary framework “bone mass-micro-
architecture-tissue property” (Liu et al. 2019; McNamara 
2010; Nyman and Vashishth 2018) is better to investigate 
the mechanical properties of cancellous bones, as illustrated 
in Fig. 1. In the ternary framework, the bone mass can be 
quantitatively characterized by a scalar variable such as bone 
volume fraction (BV/TV, the bone tissue volume divided by 
the apparent total volume), or BMD. The microarchitecture 
can be quantitatively represented by some histomorphomet-
ric parameters (e.g., trabeculae number Tb.N  , trabeculae 
separation Tb.Sp , structure model index SMI , connectivity 
density Conn.D ), or a tensor variable like mean-intercept-
length-based fabric tensor (MIL) (Chappard et al. 2008; Zys-
set et al. 1998a). Furthermore, the bone tissue property can 
be quantitatively defined by several mechanical parameters 
including the tissue Young’s modulus ( Et ) and strength ( St ) 
(Wang et al. 2017). One can see that “bone quality” in the 
binary framework is replaced with two measurable factors, 
i.e., “microarchitecture” and “bone tissue property.” Thus, 

Fig. 1   The ternary framework to characterize the mechanical properties of bones
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an explicit expression is possible within the ternary frame-
work to quantify the mechanical deterioration of OP bones 
and can be written in a general form as follows

where P represents the apparent mechanical proper-
ties of bone such as effective Young’s modulus, strength, 
and toughness, and f the relation functions. The effective 
Young’s modulus with relations to bone mass, microarchi-
tecture and tissue properties has been studied under the 
ternary framework in our previous work (Liu et al. 2019), 
but the failure properties, which are more direct and impor-
tant indices measuring OP related fracture risk, have yet to 
be investigated. Moreover, as is seen in Eq. (1), the histo-
morphometric parameters and fabric tensors related to 
bone microarchitecture are too complex to be convenient 
for practical use. Thus, a crucial question arises: can we 
figure out one or several simple, convenient, and mechani-
cally interpretable parameters, just like BMD and BV/TV for 
bone mass, to characterize the effect of microarchitecture in 
defining the mechanical properties of bones with different 
degree of OP?

It has been well recognized that the microarchitecture 
of cancellous bone plays a crucial role in its mechanical 
behaviors. The high-resolution micro-computed tomography 
(μCT) has greatly facilitated the microarchitecture analysis 
of cancellous bone (Donnelly 2011). The three-dimensional 
(3D) trabecular models have been rebuilt via digital mod-
eling techniques from μCT data with higher accuracy and 
completeness, and, then FEM can be utilized on the 3D digi-
tal models to simulate their mechanical behaviors (Bevill 
and Keaveny 2009; Sandino et al. 2017). Compared to the 
traditional mechanical characterizations, the combination of 
μCT–based digital modeling and FEM simulation provides 
a powerful and flexible approach to explore the influence of 
detailed architectural features such as the aforementioned 
histomorphometric parameters on the mechanical properties 
of cancellous bones (Buie et al. 2007; Chappard et al. 2008; 
Karasuyama et al. 2015). Recently, Guo and his cowork-
ers developed an individual trabecular segmentation (ITS) 
technique (Liu et al. 2008) and substituted individual plates 
and rods with shell and beam elements in FEM (Wang et al. 
2013), respectively, and made the FEM simulations on 
microarchitectured bones more cost-efficient (Wang et al. 
2015). At the mesoscale level, a second rank fabric ten-
sor has been defined for measuring the textural and struc-
tural anisotropy for granular materials and cancellous bone 
(Gross et al. 2013; Turner et al. 1990). The fabric tensor 
can be directly related to the elastic constants of cancel-
lous bone (Kabel et al. 1999; Van Rietbergen et al. 1998), 
but its relation to the failure properties has not been well 

(1)P = f
(

BMD,BV/TV,… ; Tb.N,Tb.Sp, SMI, Conn.D,MIL,… ; Et, St,… ;
)

established. Furthermore, the effects of microarchitecture 
and bone volume fraction usually mingle together in the 
osteoporotic samples, and their principle roles in defining 

the failure properties of cancellous bone are still needed to 
be separately clarified. It is especially worth noting again 
that none of these methods provide a good and convenient 
mechanics-based index to measure the health status of bone 
microarchitectures, which critically impedes clinical usage 
of microarchitecture information to complement BMD in 
OP diagnosis and treat assessment. Well filling this gap, the 
current paper clarified that the microarchitecture deteriora-
tion in OP bones mainly impairs their mechanical function-
favorable anisotropy, termed as longitudinal superiority here, 
and proposed a longitudinal superiority index to quantita-
tively measure the health status of bone microarchitectures.

When simulating bone failure behaviors with FEM, the 
constitutive model of bone tissue material plays a crucial 
role in the accuracy and fidelity and hence attracts a lot of 
research attentions. Previous studies usually assumed the 
tissue-level elastic and yield properties based on the experi-
mental data of cortical bones (Verhulp et al. 2008), due to the 
technical challenges to measure these mechanical parameters 
of trabecular tissue. Some simplified elastic–plastic constitu-
tive models have been assumed for the bone tissue material 
and used for FEM simulations to investigate the apparent 
yield behaviors of cancellous bones (Harrison et al. 2013; 
Niebur et al. 2000). Note that all these studies provided little 
information about the post-yield failure process of bones, 
and the whole mechanical responses from elasticity, yield, 
softening, and up to complete failure are highly desired to 
determine the failure properties of bones including strength, 
toughness and fracture mode (Sabet et al. 2016). To this end, 
the continuum damage concept was incorporated into the 
constitutive model of bone tissue and related FEM simula-
tions were performed for the damage initiation and progres-
sive propagation until complete failure of cancellous bones 
(Hambli 2013a, 2013b; O’Connor et al. 2016; Schwiedrzik 
and Zysset 2013). To circumvent the convergence problem, 
an explicit μCT-based FEM approach was demonstrated to 
successfully simulate the post-yield behaviors including 
compacting and densification of cancellous bones (Werner 
et al. 2019). Different from the previous researches, the cur-
rent work extracted bone tissue material parameters from the 
nanoscale experiment results on trabecular bones in the lat-
est literature (Hengsberger et al. 2002; Tertuliano and Greer 
2016; Zysset et al. 1998b). In particular, it remains open to 
debate whether OP would distinctly degrade the properties 
of bone tissue material. For instance, with Raman spectros-
copy McCreadie et al. (McCreadie et al. 2006) examined 
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the chemical composition difference between healthy and 
OP bone tissue and stated that the OP bone tissue has a 
higher carbonate/amide I area ratio and carbonate/phosphate 
ratio, indicating the tissue degraded by OP. To the contrary, 
Guo and Goldstein (Guo and Goldstein 2000) utilized the 
nanoindentation technique to measure the elastic modulus 
and hardness of vertebral cancellous bone from ovariecto-
mized rats and declared that the tissue properties are not 
altered by the estrogen-depletion-induced OP. However, 
bone tissue consists of mineral and collagen, with the for-
mer phase mainly responsible for its stiffness and strength 
while the latter for resilience and toughness (Fonseca et al. 
2014). Therefore, aging, diabetes, osteogenesis imperfecta 
and other metabolic bone diseases that may cause variations 
in mineral, collagen or their fraction are expected to affect 
the mechanical properties of bone tissue (Buehler 2008; 
Creecy et al. 2020; Follet et al. 2004; Silva et al. 2009). 
With regard to this, bone tissue deterioration is definitely a 
concern when studying the mechanical properties of meso-/
macroscopic bones.

Clarifying the separate effect of microarchitecture in OP 
on mechanical properties and further figuring out a conveni-
ent index measuring the microarchitecture degradation will 
provide novel insights into the mechanical deterioration of 
cancellous bones by OP and help develop novel methods 
for OP diagnosis and treat assessment. The current work 
conducted µCT-based digital modeling and FEM simulation 
on the cancellous bone samples acquired from healthy and 
ovariectomy-induced OP mice and identified the separate 
effects of bone mass, microarchitecture and tissue property 
on the failure properties of cancellous bones. Based on the 
results and analyses, a novel index of longitudinal superior-
ity was put forward to mark the health status of microarchi-
tecture of cancellous bones. The remainder of the paper is 
organized as follows: Sect. 2 gives details about the materi-
als and methods; the results are discussed in Sect. 3; finally, 
the major conclusions are summarized in Sect. 4.

2 � Materials and methods

2.1 � Animal models and bone samples

The ovariectomy (OVX)-induced OP is similar in patho-
genesis to that widely seen in postmenopausal women and 
thus usually classed into Type I osteoporosis. Eight-week-
old female mice (BALB/c mouse strain) were randomly 
divided into two groups. One group was ovariectomized, 
and the other was the control group. All the mice were 
housed in a regulated and standard specific-pathogen-free 
environment (24.0 ± 0.5 C, 45–50% humidity and 12/12 h 
light/dark illumination cycles), with tap water and diet freely 
available. The animal house is under the Center for Animal 

Experiments, Wuhan University, in strict adherence to the 
AAALAC International standard for the production and 
usage of experimental animals. Twenty weeks after the sur-
gery, the OVX mice were in vivo scanned by μCT to assure 
that the OP (strictly speaking, osteopenia here because no 
spontaneous fracture was observed) occurred. Then, five 
OVX-induced OP mice together with two healthy mice 
were sacrificed, and their femurs were collected as experi-
mental specimens. All the femur specimens were fixed by 
4% paraformaldehyde before scanned by a high-resolution 
μCT scanner for 3D digital modeling. Note that all the bone 
samples were taken and scanned at 28 weeks of age to avoid 
the age effect.

The project was approved by Institutional Animal Care 
and Use Committee, Wuhan University (No. 2019118). The 
procedures strictly complied with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals.

2.2 � μCT scan and 3D digital modeling

The femurs were ex vivo scanned by the high-resolution 
μCT scanner (SkyScan 1176, Bruker, USA) at 9 μm nominal 
resolution with 8-bit grey level values. The X-ray source 
voltage and current was 45 kV and 555 μA, respectively. 
The μCT data were converted to 3D models with the help 
of the processing software Skyscan Nrecon (Bruker, USA) 
(Feldkamp et al. 1984) and Mimics Research (Materialise, 
Belgium). The calibrated grey threshold was set to differenti-
ate the trabeculae from the background. Five cubes of vol-
umes of interest (VOIs) with dimension 810 × 810 × 810 μm 
were taken from the cancellous bone domain of each femur, 
as Fig. 2a shows. The distance between neighboring VOIs 
was kept at least 90 μm. To exclude cortical bones and other 
tissues, all the VOIs were taken from the cancellous bone 
domain 450 μm below the growing plate. Furthermore, the 
outer corners and surfaces of every VOI had been carefully 
checked to avoid possible inclusion of abnormally dense 
bones. Therefore, all the VOIs were region matched and 
the anatomical difference was well eliminated. Finally, 35 
cubic VOIs were obtained and divided into 3 typical groups 
according to their BV/TV: healthy bones (10 VOIs from 2 
healthy mice and the average BV/TV > 25%), mild OP bones 
(15 VOIs from 3 OP mice and the average BV/TV < 20%) 
and severe OP bones (10 VOIs from 2 OP mice and the 
average BV/TV < 15%), as shown in Fig. 2b. Figure 2b also 
shows the typical microarchitectures of the three groups of 
bones, where X, Y and Z axes are in the right-left, pos-
terior-anterior and longitudinal directions of femur shaft, 
respectively. Comparing the three types of bones, we see that 
the healthy bone has a more compact structure with many 
plate-shaped trabeculae, while the mild OP shows a higher 
porosity with an increased number of rod-shaped trabeculae 
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degraded from the plate ones, and the severe OP becomes 
more porous with some trabeculae absorbed.

Naturally the VOIs from different groups have quite dif-
ferent bone mass, microarchitecture and tissue properties 
simultaneously, and it is impossible to check their individ-
ual effects through direct comparisons among these natural 
VOIs. Therefore, we need to decouple the three factors, i.e., 
altering one factor while the other two fixed. Benefited from 
digital modeling techniques, the parameter of grey thresh-
old can be used to alter the bone mass of the typical VOIs 
while keeping their microarchitecture topologies unaltered 
so that bone mass and microarchitecture can be decoupled. 
More details about the decoupled method will be discussed 
in Sect. 3.2. The tissue properties characterized by the mate-
rial parameters such as Young’s modulus, yield strength and 
failure strain can be manipulated in an independent way in 
FEM models and hence can easily be separated from bone 
mass and microarchitecture.

All the VOIs were meshed with C3D8 elements for 
FEM simulations, as shown in Fig. 2c. The element size is 
smaller than 8 μm compared to the 9 μm nominal resolution 
of μCT data, and therefore, the geometrical details of the 
VOIs can be well kept. Each mesh model usually has more 
than 1 million elements, and the mesh convergence has been 
guaranteed.

2.3 � FEM model for mechanical simulations

FEM simulations were done on Abaqus (Dassault SIM-
ULIA, France). An explicit approach was adopted for sim-
ulating the post-yield and damage up to complete failure 
behaviors in order to circumvent the convergence difficulty 
with the implicit approach. Nonetheless, the kinetic energy 
in our simulations was strictly controlled below 5% of the 
internal energy to reduce the dynamic effects and ensure a 
quasi-static loading process, and mass scaling was utilized 
to reduce the time cost of calculation. In Fig. 2c, a uniax-
ial compressive strain up to 0.2 was applied to the VOI by 

means of displacement control, the VOI’s bottom was fully 
constrained, and the whole loading process until the VOI’s 
complete failure was simulated. Uniaxial compression simu-
lations along the X, Y and Z directions were, respectively, 
performed for each VOI to obtain their direction-related 
mechanical properties. The total loading time is about 40 s, 
and the corresponding strain rate is about 0.005/s, satisfy-
ing the quasi-static loading condition (strain rate typically 
≤ 0.01/s).

Cancellous bones are network composites of trabeculae. 
Every individual trabecula is further composed of laminate 
composites where the plies of mineralized collagen fibers 
are mainly aligned along the longitudinal direction of tra-
beculae (Thurner et al. 2007). Based on the microstructural 
feature, it is evident that the mechanical properties of bone 
tissue material in trabeculae should be anisotropic with lon-
gitudinal superiority. However, the trabecular networks in 
mesoscale cancellous bones are irregular and complicated 
so that recognizing each trabecula’s direction and assign-
ing them anisotropic material properties is quite challeng-
ing, especially in the junction areas of different trabeculae. 
To reduce the modeling cost, the bone tissue material was 
assumed to be isotropic and homogeneous over all trabeculae 
in the current work, as usually done in the literature (Hambli 
2013b; Werner et al. 2019). Its constitutive behavior can 
be divided into three typical stages according to Stipsitz’s 
model (Stipsitz et al. 2020): elastic (O–A), plastic (A–B–C), 
and damage (C–D) until complete failure, see Fig. 2d. The 
element-delete technique was applied to the completely 
failed elements during the FEM simulations. Different from 
the previous researches where the tissue material proper-
ties indirectly obtained from macroscopic experiments on 
cortical or cancellous bone samples (Keaveny et al. 1994), 
the bone tissue material parameters here were based on the 
nanoscale experiment results on trabecular bones (Hengs-
berger et al. 2002; Tertuliano and Greer 2016; Zysset et al. 
1998b). The initial elastic modulus (i.e., the slope of OA 
segment, E0 ) is taken to be 20 GPa and Poisson’s ratio 0.3. 

Fig. 2   Modeling procedure: (a) In  vivo μCT scan of mice and five 
volume of interests (VOIs)  taken from the cancellous bone domain in 
the distal femur samples; (b) all the VOIs separated into three groups 

according to their BV/TV: healthy, mild OP and severe OP, with the 
insets showing their typical 3D-microarchitectures; (c) an example of 
FEM model; (d) the constitutive curve of bone tissue
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Plastic deformation starts at the point A with a yield strength 
322.4 MPa and linearly increases to 0.043 at the point B 
with a stress 426.4 MPa, correspondingly the slope of AB 
segment. The segment BC can be considered an ideal plas-
tic stage. When the accumulated plastic strain reaches 0.08, 
the damage would initiate (Point C) and then rapidly evolve 
until complete failure (Point D) in a linear form of effective 
plastic displacement which is the product of the plastic strain 
and the characteristic length of mesh in FEM model.

2.4 � Mechanical properties and longitudinal 
superiority

As mentioned in Sect. 2.2, thirty-five cubic VOIs were, 
respectively, taken from three groups: healthy, mild OP and 
severe OP bones. In FEM simulations, each VOI was uni-
axially compressed by displacement loading in X, Y and Z 
directions, respectively, to get their apparent stress and strain 
at each instant by the following equations

in which U is the instant uniaxial compression displace-
ment prescribed, L is the VOI dimension in the loading 
direction, F is the corresponding axial force in the load-
ing direction, and A is the apparent area of cross section 
perpendicular to the loading direction. In the current paper, 
L = 810�m and A = L2 = 810 × 810�m2 . Once the whole 
stress–strain curves are obtained, six mechanical param-
eters are defined to quantitatively characterize the elastic 
and failure properties of the cancellous bones in the loading 
direction, namely effective Young’s modulus (E, the initial 
slope of stress–strain curve), peak strength (S, the maxi-
mum stress), peak strain (PE, the strain corresponding to 
the peak strength), ultimate strain (UE, the failure strain cor-
responding to the stress reduced to smaller than 10% of the 
peak strength), and toughness modulus (Γ, the area under 
stress–strain curve), and ultimate damage volume ratio (Vd, 
the volume of damage elements at ultimate strain divided 
by respective bone volume). Comparative studies on these 
mechanical parameters among healthy and OP bones can 
quantify the mechanical deterioration of cancellous bones 
due to OP.

From the perspective of functionally favorable selection 
and evolution of load-bearing biological materials in nature, 
it is well understood that a healthy microstructure of cancel-
lous bones should be better to support their mechanical func-
tions. In particular, since the major loadings on the bones 
are along their longitudinal direction, for healthy bones 
the longitudinal direction should be distinctly superior to 

(2)� =
U

L

(3)� =
F

A

its transversal directions in mechanical properties, which 
has been evidenced on the elastic properties in our previous 
study (Liu et al. 2019). Based on this, here we put forward a 
longitudinal superiority index to measure the health status 
of cancellous bone microarchitectures

in which P refers to some main mechanical properties such 
as modulus (E), strength (S) and toughness (Γ), the subscript 
Z is the longitudinal direction, while the X and Y are trans-
versal directions. The corresponding LS indices are LS(E) 
for E, LS(S) for S and LS(Γ) for Γ, etc. LS ≤ 1 means no lon-
gitudinal superiority and the microarchitecture degraded by 
OP. It is especially worth noting that the mechanical longitu-
dinal superiority of cancellous bones here purely originates 
from the microarchitectural topology of trabecula network, 
since the bone tissue material was simplified to be homo-
geneous and isotropic. If the longitudinal superiority at the 
tissue material level (i.e., individual trabecular level) is taken 
into consideration, one can expect that the longitudinal supe-
riority of cancellous bones will be further enhanced.

2.5 � Statistical analyses

In the following sections, the BV/TV, six mechanical 
properties, LS indices and so forth were usually reported 
as mean ± standard deviation (S.D.) for each group to well 
represent their average attributes. In addition, their inter-
group differences were analyzed by one-way ANOVA and 
Tukey honestly significant difference (HSD) post hoc tests. 
Differences with p-value of less than 0.05 (p < 0.05) were 
considered statistically significant. In Sect. 3.2.1 and 3.2.3, 
quadratic fit ( y = Ax2 ) and linear fit ( y = Ax + B ) were per-
formed to establish the relationship between the effective 
mechanical properties of cancellous bones and BV/TV, bone 
tissue properties, respectively. The coefficient of determi-
nation R2 was utilized to measure the goodness of fit. All 
statistical analyses were performed using OriginPro 2017 
software (OriginLab, USA).

2.6 � 3D‑printed replicas and experimental 
verifications

3D printing as a new manufacturing technology has been 
demonstrated to be a novel and valuable tool for replicating 
and studying the complex microarchitectures of biological 
materials (Barak and Black 2018). Here, 3D printing was 
used to replicate the microarchitectures of VOIs of cancel-
lous bones and scale up their sizes so that the conventional 
uniaxial compression experiments can be performed on 
these 3D-printed replicas. The reconstructed 3D models 

(4)LS(P) =
PZ

max
{

PX ,PY

}
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of VOIs above were converted into STL format and were 
printed by a desktop SLA 3D printer (Form 2, Formlabs, 
USA) whose printing resolution can be up to 25 μm. The 
printing material is photopolymer resin, and the enlarged 
cubes are 30 × 30 × 30mm in dimension. The Young’s 
modulus and Poisson’s ratio of the photopolymer resin used 
for the 3D-printed models are 2.7 GPa and 0.38, respec-
tively. Uniaxial compression experiments were conducted on 
a Universal Material Testing Machine (5969, Instron, USA) 
with displacement control. The loading and boundary con-
ditions in the experiment were set to be the same as those 
in FEM simulations. A high-speed camera (FASTCAM 
SA5, Photron, USA) was used to record the deformation 
and fracture details during the loading process. Despite the 
material and size difference, the experimental results on the 
3D-printed replicas can help qualitatively verify the FEM 
simulation results, especially the failure modes.

3 � Results and discussion

3.1 � Failure behaviors of the three types 
of cancellous bones

3.1.1 � Characteristics of stress–strain curves

The stress–strain curves contain rich information on the 
intrinsic mechanical behaviors of materials. Figure 3a–c 
shows the typical stress–strain curves for the healthy, mild 
OP and severe OP bone VOIs under the loading in Z direc-
tion, respectively, in alignment with their corresponding 
curves of the cumulative number of damaged elements. Note 
that the experimental curve from the literature (Harrison 
et al. 2008) is also shown in Fig. 3a, and one can see that the 
stress–strain curve by our simulations agrees well with the 
experimental curve in the varying trend. Regardless of the 
healthy status, all the stress–strain curves experience three 

distinct stages: linear elastic, nonlinear plastic and stepwise 
damaging regimes. The linear elastic stage persists up to 1% 
of apparent strain, followed by the plastic stage. The transi-
tions from the purely plastic regime to the damage regime 
are usually quite fast, since the cancellous bone is so porous 
and inhomogeneous that the stress and strain localization is 
likely to occur in some weak trabeculae (see the Mises stress 
contours Fig. S1 in Supplementary Material and the same 
results are reported by Harrison et al. (Harrison et al. 2008)). 
This can also be seen from the curves of cumulative number 
of damaged elements. Once there are some elements dam-
aged, a distinct stress drop is usually seen, and the stepwise 
damaging regime comes into effect. The cumulative number 
of damaged elements stepwisely goes up with the prescribed 
strain, while the stress is stepwisely down in a synchronous 
way. The stepwise feature originated from the discontinu-
ous failure process in cancellous bones, usually from one 
trabecula to another.

By comparing the curves of healthy and OP bones, we 
can figure out that at the same strain the stress level in the 
OP bones is about one order lower in magnitude than that in 
the healthy bones. The result is just as expected since the OP 
bones are abnormally porous and their stiffness and strength 
are greatly reduced. As the OP aggravates, the plate-like 
and rod-like trabeculae usually become abnormally thin, 
and some of the plate-like trabeculae would be converted 
into rod-like trabeculae while some of rod-like trabeculae 
may be broken and absorbed. Hence, an abnormally high 
proportion of rod-like trabeculae is usually seen in severe OP 
bones. The more porous, inhomogeneous and rod-dominant 
architecture of OP bones is more prone to stress concentra-
tion, buckling and bending in the slender rod-like trabeculae 
(see Fig. S2 in Supplementary Material , similarly observed 
in the experiments by Thurner et al. (Thurner et al. 2007)), 
and correspondingly has a larger count of trabecular rupture 
during the failure process. Therefore, the damage stage of 

Fig. 3   Variations of stress and cumulative number of damaged element with respect to the prescribed strain: (a) Healthy bone (Experimental 
curve from Ref.(Harrison et al. 2008) included as the solid line for comparison purpose), (b) Mild OP bone, (c) Severe OP bone
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OP bones tends to have more fluctuations and propagate over 
a larger range of strain.

3.1.2 � Mechanical parameters and longitudinal superiority 
indices

As mentioned in Sect. 2.4, six mechanical parameters were 
defined based on the stress–strain curve to quantitatively 
characterize the elastic and failure properties of a cancel-
lous bone sample in three orthogonal loading directions. 
Specifically, they are effective Young’s modulus (E), peak 
strength (S), peak strain (PE), ultimate strain (UE), tough-
ness modulus (Γ) and ultimate damage volume ratio (Vd). 
The means and standard deviations (S.D.) of the mechanical 
parameters for each group against the mean BV/TV are pre-
sented in the bar charts of Fig. 4, and the significant differ-
ence between any two groups is also marked by star symbol 
“*” (* p < 0.05, ** p < 0.01, *** p < 0.001 and unmarked 
group is no significant difference). The detailed results of 
statistical analyses were shown in Table S1 in the supple-
mentary material.

Figure 4a shows that the healthy cancellous bones have 
significantly higher Young’s modulus in comparison with 
OP cancellous bones, in consistent with our previous work 

(Liu et al. 2019). The same conclusion can be drawn on 
the peak strength from Fig. 4b. Especially, the average peak 
strength in the Z direction is 15.55 MPa for the healthy 
bones and goes down to 5.31 MPa and 0.99 MPa for the 
mild and severe OP bones, respectively. The differences are 
statistically significant with p < 0.001. Figure 4c, d shows 
the peak strain and ultimate strain generally increasing from 
the healthy bones to OP bones, but the differences between 
the healthy and mild OP groups are not significant. Par-
ticularly, in the Z direction, the mean values of peak strain 
are 0.013, 0.016 and 0.044 for the healthy, mild OP and 
severe OP groups, and the mean values of ultimate strain 
are 0.036, 0.037 and 0.078 for the three groups. Generally, 
the failure strain increase is due to the OP’s softening effect 
on the cancellous bones. The softening effect may originate 
from two mechanisms: one is the reduction in the effec-
tive Young’s modulus mainly owing to the decreased BV/
TV, and the other is the premature initiation and prolon-
gation of plastic deformation and damage process mainly 
attributed to the microarchitecture deterioration. The for-
mer mechanism is easily understood, and the latter mecha-
nism is explained in the following. As the OP happens and 
aggravates, the cancellous bones gradually convert from the 
plate-trabecula dominant microstructure to the rod-trabecula 

Fig. 4   Mechanical parameters obtained from statistics on the stress–
strain curve of healthy bones (average BV/TV = 0.256), mild OP 
bones (average BV/TV = 0.189) and severe OP bones (average BV/
TV = 0.116) loaded along the X, Y or Z direction: (a) effective 
Young’s modulus, (b) peak strength, (c) peak strain, (d) ultimate 

strain, (e) Modulus of toughness and (f) Ultimate damage volume 
ratio. One-way ANOVA and Tukey HSD post hoc tests were used to 
study the pairwise significant difference between the healthy, mild OP 
and severe OP bones (* p < 0.05, ** p < 0.01, *** p < 0.001). More 
detailed data is presented in Table S1 in the supplementary material
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dominant, and the trabeculae inside become sparser, thin-
ner and more inhomogeneous. As a result, severe stress and 
strain concentration (See Fig. S1) tends to happen in some 
trabeculae of OP VOIs, and these trabeculae are deemed to 
prematurely buckling (see Fig. S2), yielding and break, that 
in turn enhances the stress and strain concentration. Then, 
the trabecular buckling, yielding and damaging happen in 
a sequence according to their stress and strain level, and 
consequently, the OP VOIs tend to experience a large strain 
until their complete failure. This is also well evidenced by 
the flattened and elongated stress–strain curves in Fig. 3b, 
c. It is worth noting that, different from that in the effec-
tive Young’s modulus and peak strength, no longitudinal 
superiority in the peak or ultimate strain was seen for the 
healthy bones. This should be attributed to the counterac-
tion between the influences of strength and stiffness on the 
failure strain.

The modulus of toughness for the bones of different 
healthy status is shown in Fig. 4e, and the ultimate damaged 
volume ratio in Fig. 4f. The modulus of toughness denotes 
the total energy density dissipated during the whole load-
ing process up to complete failure. As most of the energy 
dissipation is realized through material damage, the vary-
ing trends of toughness modulus and ultimate damaged 
volume ratio are similar. Especially, both of them signifi-
cantly (p < 0.001) decrease in the Z direction as OP worsens. 
The mean values of toughness modulus are 0.2639 × 106, 
0.1053 × 106 and 0.0452 × 106 J/m3 for the healthy, mild OP 
and severe OP groups, in comparison with the experimen-
tally obtained modulus of toughness 0.2674 × 106 J/m3 for 
healthy cancellous bones (Enns-Bray et al. 2018) and for 
18.11 × 106 J/m3 for the healthy bone tissue material (Tertu-
liano et al. 2021). The mean values of damage volume ratio 
are 0.89%, 0.42% and 0.26% for the three groups. The inter-
group differences on tough modulus and damage volume 
ratio in the X and Y directions are not statistically significant 
(p > 0.05). Besides, the longitudinal superiority is obvious in 
the healthy bones, with the mean values’ ratio of toughness 
modulus among the X, Y and Z directions being 0.86:1:2.24 
and the mean values’ ratio of damaged volume ratio among 
the X, Y and Z directions being 0.93:1:2.38.

As mentioned above, Fig. 4 suggests that the healthy 
bones seem close to transversely isotropic in the mechani-
cal properties including the effective Young’s modulus, 
peak strength and modulus of toughness, with the longitu-
dinal (Z direction here) properties distinctly superior to the 
transversal (X and Y directions here), i.e., the longitudi-
nal superiority. To quantitatively compare the mechanical 
longitudinal superiority among the healthy, mild OP and 
severe OP bones, Fig. 5 presents the statistical analyses 
on the longitudinal superiority indices of the effective 
Young’s modulus LS(E), peak strength LS(S) and modulus 

of toughness LS(Γ), defined by Eq. (4). The detailed data 
can be seen in Table S2 in the supplementary material. One 
can see that the mean values LS(E) = 2.53, LS(S) = 2.17, 
LS(Γ) = 2.06 for the healthy bones, respectively, in contrast 
to LS(E) = 1.30, LS(S) = 1.28, LS(Γ) = 0.84 for the mild 
OP bones, and LS(E) = 0.23, LS(S) = 0.33 and LS(Γ) = 0.35 
for the severe OP bones. It can be found that the healthy 
bones have strong longitudinal superiority in all the three 
mechanical properties, with the LS indices all larger than 
2. As OP happens and develops, the LS indices decrease to 
around 1 (mild OP) and far less than 1 (severe OP), which 
indicates the gradual loss of longitudinal superiority. Note 
that the differences of LS indices between healthy and OP 
groups are strongly significant (p < 0.001). As discussed 
in Sect. 2.4, the longitudinal superiority should be a criti-
cal mechanical feature for healthy bones to support their 
major mechanical function. On the contrary, the longitu-
dinal superiority is disrupted in OP bones, indicating that 
the OP disease induces the mechanical deterioration of 
cancellous bones in not only the magnitude but also the 
anisotropic feature, the former of which should be closely 
related to the bone loss while the latter is probably owing 
to the architecture alteration. The respective roles of bone 
mass, microarchitecture and tissue properties in defining 
the mechanical properties of cancellous bones will be sys-
tematically investigated and discussed in Sect. 3.2.

Fig. 5   The statistical analyses on the longitudinal superiority indi-
ces of the effective Young’s modulus LS(E), peak strength LS(S) 
and modulus of toughness LS(Γ) for healthy bones (average BV/
TV = 0.256), mild OP bones (average BV/TV = 0.189) and severe OP 
bones (average BV/TV = 0.116). One-way ANOVA and Tukey HSD 
post hoc tests were used to study the pairwise significant difference 
between the healthy, mild OP and severe OP bones (* p < 0.05, ** 
p < 0.01, *** p < 0.001)
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3.1.3 � Typical failure modes and experimental validation

Three typical failure modes were spotted in the FEM simu-
lations as shown in Fig. 6a–c, and they were verified with 
the experimental results on the up-scaled 3D-printed repli-
cas of bone VOIs as shown in Fig. 6d–f. The first fracture 
mode in Fig. 6a, d is predominant with the plate trabecula 
fracture and usually seen in the healthy bones because of 
their relatively dense microstructure and high proportion of 
plate trabeculae. The fracture in this mode rapidly develops 
from the failure initiation to completion, which is reflected 
as a quick drop in the stress–strain curve in Fig. 3a. The 
second fracture mode as shown in Fig. 6b, e is dominated 
by the rod trabecula fracture and frequently seen in the OP 
bones, particularly the severe OP bones. As OP develops, 
the cancellous bones become more like an inhomogeneous 
network of rod-like trabeculae. Under compressive loadings, 
the fracture in the OP bones generally begins at the weakest 
rod trabecula (see Figs. S1 and S2) and then jumps to the 
next weakest rod trabecula, propagates in a discontinuous 
way until the network complete failure. Compared to the first 
failure mode, the second failure process is usually slower 
and over a larger range of strain, which can be seen from 
the stress–strain curves in Fig. 3b, c. The third failure mode 

shown in Fig. 6c, f features an inclined fracture plane at the 
end of the failure, suggesting that the shear effect plays a 
prominent role during the overall propagation of failure in 
cancellous bones. The inclined fracture plane and under-
lying shear failure mechanism have been reported as well 
in the literature (Hambli 2013a). The highly similar failure 
modes seen in the experiments on the 3D-printed replicas 
well validate our FEM models in a qualitative way, though 
the 3D-printed replicas are quite different from our bone 
VOIs in material and size.

3.2 � Respective roles of bone mass, 
microarchitecture and tissue properties

As mentioned in Sect. 2.2, the natural bone VOIs from dif-
ferent groups have different bone mass, microarchitecture 
and tissue properties at the same time, and thus, it is difficult 
to identify their separate effects through direct comparisons 
among them. Benefited from digital modeling techniques 
(Liu et al. 2019), the grey threshold was creatively used 
to alter the bone mass of the VOIs with their microarchi-
tecture topologies unaltered, and thus the two factors were 
successfully decoupled. In addition, the tissue properties 
can be easily isolated from the above two with ease, since 

Fig. 6   The comparison of failure features between the FEM (a–c) and 3D-printed models (d–f). (a) and (d) show the plate trabecula dominant 
fracture, (b) and (e) the rod trabecula dominant fracture, (c) and (f) present an inclined plane of overall fracture
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the material parameters such as Young’s modulus, yield 
strength, and failure strain can be manipulated in FEM mod-
els independently.

The VOIs in gray color (yellow for online colored ver-
sion) in Fig. 7 show three typical VOIs built with the cali-
brated grey value threshold, from the healthy, mild OP and 
severe OP groups, respectively. Then, the grey threshold 
was decently varied around the calibrated value so that the 
trabeculae became slightly thicker or thinner but without 
distinctly altering their number, and thus in the artificially 
generated VOIs (in dark color in Fig. 7, in light blue for 
online colored version) the BV/TV alteration was achieved, 
while the overall topological microarchitecture was well 
kept. Specifically, the coefficient of variation (SD/mean) for 
BV/TV was beyond 35%, whereas the coefficient of variation 
for connectivity density, structure model index and fractal 
dimension was limited to 15%, 14% and 4%, respectively. 
More detailed data are provided in Table S3 of the supple-
mentary material. Finally, three rows of VOIs with varying 
BV/TV were obtained, respectively, with the healthy, mild 
OP, and severe OP microarchitecture, as shown in Fig. 7. 
Once the mechanical properties of these VOIs are acquired 
by FEM calculation, the BV/TV effect can be figured out by 
comparing the mechanical properties of the VOIs with the 
same microarchitecture but different BV/TV (VOIs in the 
same row), while the microarchitecture effect can be drawn 
by comparing the mechanical properties of the VOIs with 
the similar BV/TV but different microarchitecture (VOIs in 
the same column). Note that the varying range of BV/TV in 
each row of VOIs is between 10 and 30%, with the typical 

values of healthy (~ 25%), mild OP (~ 18%) and severe OP 
(~ 12%) bones well covered.

3.2.1 � Individual effect of bone mass

Bone mass is definitely a significant factor determining the 
mechanical properties of cancellous bones. From the com-
posites point of view, the bone volume fraction, BV/TV is 
a good measurement of bone mass. FEM simulations were 
performed to compress the VOIs in Fig. 7 along X, Y and Z 
directions until their complete failure, respectively. Based 
on the calculated stress–strain curves, the major mechani-
cal properties such as the effective Young’s modulus, peak 
strength and modulus of toughness for every VOI and every 
loading direction were determined and shown as data points 
against the BV/TV in Fig. 8. We can see that all the proper-
ties significantly vary with the bone volume fraction. Well-
established theories have revealed that the elastic modulus 
and strength of cellular solids including cancellous bones 
usually vary as a power function of BV/TV, y = Ax� , with 
y and x denoting the mechanical properties and BV/TV, 
respectively, A a coefficient to be determined by fitting, and 
the exponent � usually ranging from 1 to 3 (Currey 1986; 
Gibson 2005; Morgan et al. 2003). For stochastic foams such 
as cancellous bones, � =2 is suggested in the textbook (Gib-
son 2003). Hence, the quadratic function y = Ax2 was used 
to fit the data in Fig. 8a–i, respectively. The fitting plots are 
presented as solid lines in Fig. 8 for different microarchitec-
tures and different directions, and the corresponding fitting 
coefficients A are listed in Table 1. It can be clearly seen 

Fig. 7   A variety of bone volume densities acquired for three typical microarchitectures (healthy, mild OP, and severe OP) through in silico alter-
ing the threshold of relative grey value. ( Adapted from Ref.(Liu et al. 2019))
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that the quadratic function can well describe the variations 
of effective Young’s modulus, peak strength and modulus 
of toughness with the bone volume fraction for all types of 
microarchitectures and all loading directions, with the coef-
ficient of determination R2 all greater than 0.80, in most 
of situations even beyond 0.95, see Table 1. The quadratic 
dependence of the elastic and failure properties of cancellous 
bones on the bone volume fraction strongly suggests that 
bone mass is one of the most prominent factors governing 
the bone mechanical properties regardless of bone micro-
architecture and loading direction.

Now let us make a comparison among the healthy, mild 
OP, and severe OP microarchitectures. For the healthy 
microarchitecture, we can see from Fig. 8a, d, g that the 

curves of Z direction are always above those of X and Y 
directions, indicating that the effective stiffness, strength 
and toughness of healthy microarchitectured bones always 
exhibit the longitudinal superiority. The conclusion can 
also be drawn from the longitudinal superiority (LS*) in 
Table 1, calculated from the coefficients A of different 
directions. In particular, the longitudinal superiority esti-
mated by LS* = AZ∕max{AX ,AY}=2.52 for the effective 
Young’s modulus, 2.19 for the peak strength and 2.19 for 
the modulus of toughness. The coefficient A of the longitu-
dinal (Z) direction is at least two folds higher than that of 
the transverse directions (X and Y). All these again suggest 
that the healthy microstructured cancellous bone exhibits 
significant longitudinal superiority in terms of both elastic 

Fig. 8   The mechanical properties varying against the bone volume 
fraction for the three typical bone microarchitectures: healthy, mild 
OP and severe OP. (a–c) The effective Young’s modulus, (d–f) peak 

strength and (g–i) modulus of toughness. The curves are from fitting 
a quadratic function y = Ax2 to the simulations results
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and failure properties. For the mild OP microarchitecture 
(see Fig. 8b, e, h), the longitudinal curve is lowered to be 
sandwiched by the transverse curves, and the coefficient 
AZ is also decreased to be between AX and AY, particu-
larly, LS*(E) = 0.69, LS*(S) = 0.80 and LS*(Γ) = 0.81 (see 
Table 1). This tells us that the function-favorable longitudi-
nal superiority has been ruined by the OP microarchitecture 
whatever the BV/TV varies. The same trend can be figured 
out for the severe OP microarchitecture (see Fig. 8c, f, i). 
With the OP microarchitectures, increasing BV/TV tends to 
enhance one of the transverse directions (e.g., Y) instead of 
the major physiological loading direction Z. Moreover, the 
OP microarchitectures still give distinctly poorer mechani-
cal properties than the healthy one even when their BV/TV 
is recovered to the healthy level (about 0.25 here), espe-
cially in the major physiological loading direction Z. A great 
implication for OP treatment in clinics can be inferred that 
sole recovery of bone mass cannot guarantee the mechanical 
property recovery of OP bones. Actually, some OP medi-
cal treatments (e.g., alendronate) have been reported able to 
increase bone mass but fail to improve bone microstructure 
accordingly (Rizzoli et al. 2010).

3.2.2 � Individual effect of microarchitecture

As is aforementioned that the microarchitecture is an 
important aspect concerning the mechanical properties of 
cancellous bones, this section is dedicated to studying its 
individual role decoupled from the bone mass. The above 
analyses in Fig. 8 have suggested that the anisotropic char-
acteristics of the effective Young’s modulus, peak strength 
and modulus of toughness are closely related to the types 
of microarchitecture. It implies that the microarchitecture 
plays a dominant role in defining the anisotropic feature of 
the mechanical properties of cancellous bones. To better 

illustrate this point, the longitudinal superiority indices of 
effective modulus, peak strength, and modulus of toughness 
for the healthy, mild OP and severe OP microarchitectures 
are shown in Fig. 9, with the central data point as the mean 
value, the error bar as the standard deviation, and the star 
data points calculated from the fitted coefficients in Table 1 
are also included for reference. The detailed statistical data 
can be seen in Table S4 in the supplementary material. The 
LS indices of healthy and OP bones have significant differ-
ence. For the healthy microarchitecture, the mean values of 
longitudinal superiority

(5)LS(E) = 2.22, LS(S) = 2.26, LS(� ) = 1.98

Table 1   The fitted coefficient 
( A ) of property-density 
function y = Ax2 and 
corresponding coefficient 
of determination ( R2 ) for 
the three typical trabecular 
bone microarchitectures. The 
longitudinal superiority (LS*) 
calculated from the coefficients 
also listed

Effective young’s 
modulus

Peak strength Modulus of 
toughness

A R
2 A R

2 A R
2

Healthy microarchitecture X 7.68 0.82 69.97 0.90 1.37 0.96
Y 9.66 0.99 125.2 0.98 2.54 0.83
Z 24.33 0.97 274.6 0.97 5.56 0.96

LS*: AZ/max(AX, AY) 2.52 2.19 2.19
Mild OP microarchitecture X 9.55 0.92 118.6 0.96 4.41 0.97

Y 17.47 0.96 175.0 0.98 3.23 0.84
Z 12.06 0.94 140.0 0.98 3.55 0.92

LS*: AZ/max(AX, AY) 0.69 0.80 0.81
Severe OP microarchitecture X 5.66 0.84 70.69 0.97 3.28 0.99

Y 18.42 0.93 137.7 0.98 2.15 0.98
Z 7.87 0.96 86.82 0.98 3.06 0.98

LS*: AZ/max(AX, AY) 0.43 0.63 0.93

Fig. 9   The longitudinal superiority indices with the effective modu-
lus, peak strength and modulus of toughness of healthy, mild OP and 
severe OP microstructured bones. The center data points denote the 
mean values, the error bars are the standard deviations, and the hal-
low stars are calculated from the fitting coefficients in Table 1
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all of which are significantly greater than one. All these 
clearly demonstrate that the healthy microarchitecture owns 
an anisotropic feature of longitudinal superiority not only in 
the elastic property (effective Young’s modulus) but also in 
the failure properties (peak strength and toughness modu-
lus). The longitudinal superiority fits well with the mechani-
cal function of long bones, since the major physiological 
loadings in daily life are usually in their longitudinal direc-
tion. Hence, the longitudinal superiority can be considered 
as a key feature of healthy bone microstructures. For the 
mild OP microarchitecture,

and for the severe OP microarchitecture,

all of them are significantly less than one. The same trend 
can also be seen from LS* for the healthy and OP micro-
structured bones. One can conclude that the longitudinal 
mechanical properties are reduced out of proportion to their 
transverse counterparts in the OP bones, and the longitudinal 
superiority does not hold anymore within the OP microarchi-
tectures. The loss of longitudinal superiority would lead to 
the mismatch between the superior direction of mechanical 
properties and the major direction of physiological load-
ings, which is the OP-induced critical deterioration to the 
microarchitecture of cancellous bones.

3.2.3 � Individual effect of tissue property

Bone tissue material mainly consists of mineralized collagen 
nanofibers. The degree of mineralization and the elastic-
ity and resilience of collagen are inclined to be affected by 
aging and some skeletal diseases including OP. Correspond-
ingly, the elastic modulus, yield stress, strength (maximum 

(6)LS(E) = 0.66, LS(S) = 0.78, LS(� ) = 0.66

(7)LS(E) = 0.42, LS(S) = 0.59, LS(� ) = 0.76

stress) and ultimate strain in the standard stress–strain curve 
(see Fig. 2c) would be changed (Follet et al. 2004; Launey 
et al. 2010). In order to systematically investigate how differ-
ent variations of bone tissue affect the mechanical properties 
of cancellous bone, two types of variations on the standard 
constitutive curve are designed to simulate the degradation 
of mineral and collagen, respectively, as shown in Fig. 10a, 
b. In Fig. 10a, the tissue strength ( St ) varies linearly at 10% 
intervals around the standard strength 426.4 MPa, while 
the tissue moduli E0 and E1 , the plastic strain ( �B

p
=0.043) 

and the ultimate strain ( �u = 0.101 ) are kept as constants. 
In Fig. 10b, the ultimate strain �u is linearly altered around 
the standard value 0.101, whereas the moduli E0 and E1 and 
the tissue strength St are kept unchanged. These constitutive 
curves were input to FEM models to calculate the mechani-
cal properties of the typical VOIs. Note that the variation 
of tissue stiffness ( E0 ) was not considered here, since it has 
been done in our previous work (Liu et al. 2019) and showed 
that the variation of tissue stiffness has a linear and mild 
influence on the effective stiffness of cancellous bones.

The computational results of peak strength are plotted 
against the percentage variation of tissue strength St (solid 
points) and ultimate strain �u (blank points) in Fig. 11a–c, 
respectively, for the healthy, mild OP and severe OP bones. 
The results of modulus of toughness are similarly shown in 
Fig. 11d–f. The lines (solid for the tissue strength variation 
and dash for the ultimate plastic variation) are given by fit-
ting a linear function y = Ax + B to the simulation data, in 
which y and x respectively refer to the mechanical proper-
ties (peak strength and modulus of toughness) of cancellous 
bones and the bone tissue properties (strength and ultimate 
strain). The coefficient A and coefficient of determination 
R2 are shown in Table 2, and the most of R2 are greater 
than 0.9, indicating that the linear function fits the data very 
well. Thus, it can be concluded that the failure properties of 
cancellous bones such as the peak strength and toughness 

Fig. 10   Two types of change to the constitutive curve of bone tis-
sue: (a) linearly varying the tissue strength ( St ) with the moduli ( E

0
 , 

E
1
 ) and the plastic strain ( �B

p
 ) fixed, (b) linearly varying the ultimate 

strain ( �u ) with the moduli ( E
0
 , E

1
 ) and tissue strength ( St ) unaltered. 

The varying range is from − 20 to 20% around the standard value at 
10% intervals. The former is mainly designed to simulate the change 
in biomineral whereas the latter the change in collagenous matrix
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Fig. 11   The failure properties varying against the tissue properties. 
The peak strength with respect to the tissue strength (solid points 
and lines) and ultimate strain (blank data points and dash lines) for 
the healthy bone (a), mild OP bone (b), and severe OP bone (c). The 

modulus of toughness against the tissue strength and ultimate strain 
for the healthy bone (d), mild OP bone (e), and severe OP bone (f). 
The lines are linear fitting to the simulation data

Table 2   The coefficient ( A ) 
of function y = Ax + B and 
coefficient of determination 
( R2 ) for the relations between 
mechanical properties ( y ) 
and tissue properties ( x ) with 
the three typical trabecular 
bone microarchitectures. The 
longitudinal superiority (LS*) 
calculated from the coefficients 
also listed

Peak strength Modulus of toughness

Tissue strength Ultimate strain Tissue strength Ultimate strain

A×10–2 R
2 A R

2 A×10–2 R
2 A R

2

Healthy bone X 0.58 0.97 13.06 0.92 0.014 0.98 1.11 0.99
Y 1.20 0.98 34.08 0.94 0.026 0.94 2.42 0.98
Z 3.35 0.99 61.44 0.94 0.033 0.95 3.83 0.98

LS*:AZ/max(AX, AY) 2.79 1.80 1.27  1.58
Mild OP bone X 0.70 0.99 12.05 0.91 0.027 0.96 1.82 0.99

Y 0.90 0.99 32.18 0.99 0.047 0.97 3.08 0.99
Z 0.65 0.99 18.84 0.98 0.012 0.93 1.64 0.96

LS*:AZ/max(AX, AY) 0.72 0.59 0.26 0.53
Severe OP bone X 0.21 0.96 2.64 0.95 0.010 0.99 0.74 0.99

Y 0.52 0.97 16.89 0.99 0.014 0.95 1.79 0.98
Z 0.22 0.98 4.11 0.92 0.003 0.94 0.14 0.94

LS*:AZ/max(AX, AY) 0.42 0.24 0.21 0.078
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modulus are positively and linearly related to the tissue prop-
erties such as strength St and ultimate strain �u , with analogy 
to the previously reported relation of bone modulus to the 
tissue modulus (Liu et al. 2019).

In Fig. 11a–c, the slopes of the solid lines are slightly 
larger than those of the dash lines, whereas the trend is 
reversed in Fig. 11d–f. The trends tell that the peak strength 
of cancellous bones is more sensitive to the tissue strength, 
while the modulus of toughness of cancellous bones is more 
sensitive to the ultimate strain of bone tissue. It is quite 
understandable since at the tissue level the ultimate strain 
is a parameter more related to the modulus of toughness 
than the strength. For the healthy bone, the lines of the peak 
strength and modulus of toughness for Z direction are always 
on the top, those for X direction are always on the bottom, 
while those for Y direction are between them, see Fig. 11a, 
d. This indicates that the critical anisotropic feature, lon-
gitudinal superiority persists well with the healthy bones 
irrespective of the variations of tissue properties. For the 
mild and severe OP bones, the lines for Z direction are not 
on the top any more, but the relative positions of the lines for 
different directions are still unaltered as the tissue proper-
ties vary, see Fig. 11b–c, e–f. Therefore, it can be inferred 
that the mechanical anisotropy of cancellous bones is mainly 
defined by their microarchitectures, and the healthy micro-
architectures clearly exhibit longitudinal superiority well 
adapted to their mechanical functions. The same conclusion 
can also be drawn from the longitudinal superiority (LS*) in 
Table 2, calculated from the coefficients A of different direc-
tions. Moreover, if the tissue strength St is reduced by 20%, 
the peak strength of healthy bone in Z direction decreases 
about 15.8%, from 19.96 MPa to 16.81 MPa, which is still 
much larger than its counterparts of mild (4.94 MPa) and 
severe (1.35 MPa) OP bones with the standard tissue proper-
ties. If the ultimate strain �u is reduced by 20%, the modu-
lus of toughness of healthy bone in Z direction decreases 
about 15.97%, from 364,350 to 306,180 J/m3, which is still 
much larger than its counterparts of mild (121,330 J/m3) and 
severe (17,850 J/m3) OP bones with the standard tissue prop-
erties. These comparisons suggest that the negative impact 
of tissue property degradation may not be as significant as 
bone loss and microarchitecture deterioration in OP.

4 � Summary

Although it has been well recognized that besides bone 
loss, microarchitecture degradation plays a crucial role in 
the mechanical deterioration of OP bones, the specific role 
of microarchitecture in OP has not been well clarified and 
quantified. In the paper, the OVX mice were utilized to 
establish the animal models of type I OP, and μCT-based 
digital modeling and FEM simulations were conducted to 

identify the decoupled and individual roles of bone mass, 
microarchitecture and tissue property in the mechanical 
deterioration of OP bones under the ternary composite 
framework. The major findings and conclusions are sum-
marized as follows:

(1)	 Compared to the OP bones, healthy bones have not 
only a larger bone volume fraction but also a function-
favorable microarchitecture and thus give a higher stiff-
ness, strength, toughness, and especially the longitudi-
nal superiority in all these major mechanical properties. 
The longitudinal superiority of healthy bones is a criti-
cal anisotropic feature well matching to their mechani-
cal functions. A longitudinal superiority index was 
defined as the ratio of longitudinal mechanical proper-
ties over their transverse counterparts to measure the 
health status of bone microarchitectures.

(2)	 The respective effects of bone mass, microarchitecture 
and tissue material are summarized in Fig. 12. Bone 
mass has a major influence on the magnitude of effec-
tive stiffness, strength and toughness of cancellous 
bones, with a quadratic relation ( y = Ax2 ). Micro-
architecture critically defines their anisotropic features. 
Tissue properties only have a mild influence on their 
magnitudes, with a linear relation ( y = Ax + B).

(3)	 While BMD and BV/TV are well accepted and used 
as indices of bone mass, there still lacks good and 
convenient indices for microarchitecture. Besides the 
well-known bone loss, we found that the microarchi-
tecture-deterioration-induced directional mismatch 
between material and loading is another distinct feature 
of OP, and hence the longitudinal superiority index was 
defined as a measurement of the health status of can-

Fig. 12   The decoupled effects of bone mass, microarchitecture and 
tissue properties on the mechanical properties of cancellous bone



2029Loss of longitudinal superiority marks the microarchitecture deterioration of osteoporotic…

1 3

cellous bone microarchitecture, with its value signifi-
cantly larger than one indicating healthy and otherwise 
unhealthy.
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