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Abstract
Background: Medial compartment knee osteoarthritis (KOA) accounts for most KOA
cases, and increased trabecular bone volume fraction (BV/TV) is one of the pathological changes in the tibial plateau of KOA. How BV/TV changes before and after the
menopause and its effects on medial compartment KOA are yet to be clarified.
Methods: Twenty femurs from twenty 12-week-old rats were included. The operated
group underwent ovariectomy (to represent the osteoporosis condition), called the O
group, and the non-operated group was the normal control, called the N group. MicroCT scans of the femoral condyles were acquired 12 weeks after the surgery, and the
volume of interest (VOI) of medial-, inter-, and lateral-condyle trabeculae were threedimensional (3D) printed for uniaxial compression mechanical test and simulated by
the finite element (FE) method.
Results: The results demonstrated that the O group indicated poorer trabecular
architecture than the N group in three parts of the femoral condyle, especially in the
intercondyle. Within the group, the BV/TV, trabecular thickness (Tb.Th), and trabecular
number (Tb.N) ratios between the medial and lateral condyles were greater than 1 in
both N and O groups. The medial condyle trabeculae’s mechanical properties were
higher than those of the lateral condyle, and this superiority appears to be broadened under osteoporotic conditions. FE modelling well reproduced these mechanical
differentiations.
Conclusions: According to Wolff’s law, the higher BV/TV and mechanical properties of
the medial femoral condyle may be due to inherent imbalanced loading on the knee
component. Alterations in BV/TV and their corresponding mechanical properties may
accompany KOA.
Keywords: Knee, Femoral condyle trabeculae, 3D printing, Finite element method,
Mechanical properties
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Introduction
Trabeculae play a critical role in loading transfer and energy absorption within bones
and across joints [1, 2]. The three-dimensional (3D) microarchitecture of trabeculae
reflects a balance between the minimal metabolic cost of maintenance and maximal
network stability under multidirectional loading conditions [3]. Previous studies have
consistently suggested that trabecular bone volume fraction (BV/TV) is the single best
determinant of mechanical properties [4–8]. Microarchitecture and bone mass (particularly BV/TV) are two significant aspects that determine trabecular mechanical properties compared to tissue properties [9]. When BV/TV is combined with fabric anisotropy
(DA), more than 90% of the trabecular tissue elastic properties variance can be explained
[7, 10]. Numerous studies have described the power-law relationships between trabecular modulus and strength in samples pooled from multiple sites spanning a wide range
of densities and tissue properties, while it appeared to be linear within a single anatomic site [11]. Fracture and non-fractured proximal femurs exhibit different regression
relationships between the modulus and BV/TV and modulus and trabecular number
(Tb.N), indicating that the 3D spatial arrangement and attenuation of trabeculae could
jeopardise the apparent mechanical properties and whole bone strength [12, 13].
The spatial attenuation of trabeculae is closely related to various bones and joint
degenerative processes. Trabeculae have a large surface-to-volume ratio, where a higher
bone turnover and remodelling occur after osteoporosis (OP), and the modulus and
strength deteriorate by approximately 10% per decade [14, 15]. Evidence has shown that
different types of musculoskeletal disorders (for example, osteoarthritis, osteoporosis,
and rheumatoid arthritis) demonstrate diverse morphometric characteristics of trabeculae, leading to different mechanical properties [8]. For OP, trabecular tissue decreases
in mass primarily by thinning of plate-shaped into rod-shaped trabeculae [8, 16], while
osteoarthritis (OA) demonstrates a higher BV/TV and trabecular thickness (Tb.Th), and
lower structure model index (SMI). OA also has inferior mechanical properties in the
early stage compared to OP [17, 18]. However, as OA progresses, it eventually develops
into tissues with poor 3D microarchitecture, both in histomorphology and mechanical
properties, and may lead to deformities.
Knee osteoarthritis (KOA) is the most common OA, with varus deformities accounting for most deformity patterns [19, 20]. Various deformities are characterised by a
mechanical axis < 180° on full-leg standing anteroposterior radiographs and a narrowed
medial compartment. Biomechanical factors such as microarchitecture and loading play
a significant role in the progression of various deformities [21–23]. Furthermore, one
study found that the medial tibial plateau anatomical level was lower than the lateral
plateau in medial compartment KOA, which has been described as a "non-uniform settlement" of the tibial plateau [24, 25]. An asymmetrical distribution of trabeculae in the
tibial plateau and proximal fibula support may be an essential anatomic factor leading to
"non-uniform settlement" of the tibial plateau [26]. However, most of these changes were
observed in KOA patients or related to tibial anatomy. Whether trabeculae alteration
(or, specifically, mechanical property alteration) accompanies, precedes, or follows KOA
has yet to be clarified. This limited information on KOA is partly due to the interference
from the irregular tibial plateau structure (i.e. asymmetry of medial and lateral plateau,
fibula support) and the variant arrangement of trabeculae during KOA progression. The
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knee joint consists of the proximal tibial and distal femoral, and the femoral condyle
trabeculae structure indirectly reflects the loading condition on the tibial plateau while
insusceptible from anatomic asymmetry; therefore, investigating the loading transfer
from the femur perspective is ideal and indispensable.
This study aimed to better elucidate the spatial arrangement and attenuation of trabeculae within and across femoral condyles. The study also highlights the resultant
mechanical properties before and after menopause to reveal the physiological loading
distribution on the tibial plateau indirectly. Thus far, we performed a series of parameter studies to quantify the microstructure of a rat cohort and developed 3D printing
trabeculae and micro-CT-based finite element (FE) models to investigate the mechanical discrepancy. Specifically, our objectives were to (1) confirm the trabecular structural
variations and attenuation within the distal femoral condyle dependence of the anatomic
site and (2) determine the variations and attenuation of mechanical properties. Accurate
3D printed models of a cohort of trabeculae distinguish this study from previous studies
and provide a substantial degree of closure to this clinical issue.

Results
Structural parameter differentiation

The O group demonstrated significantly lower BV/TV (P < 0.01), Tb.N (P < 0.05), and
higher trabecular separation (Tb.Sp) (P < 0.01) than the N group in the three parts of the
femoral condyle, while no significant differences were observed in Tb.Th and DA. There
was a significantly higher SMI in the O group only in the intercondyle (P < 0.05) Figure 1.
We defined the structural ratio of the inter/medial (i/m), inter/lateral (i/l), and medial/
lateral (m/l) condyles to facilitate comparison. A ratio of > 1 indicates that the numerator
is greater than the denominator. As shown in Fig. 2, the medial femoral condyle demonstrated higher BV/TV, Tb.Th and Tb.N (structural ratio > 1), but lower Tb.Sp and SMI
(structural ratio < 1) than the lateral femoral condyle in both the N and O groups. No

Fig. 1 Structural comparison between N and O group in medial-, inter- and lateral-condyle
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Fig. 2 Structural ratio of inter/medial (i/m), inter/lateral (i/l), and medial/lateral (m/l) condyle between the N
and O group

significant differences were found in the medial/lateral structural ratio (m/l) between the
N and O groups, except for the Tb.Th ratio. Compared to the lateral and medial condyles, the intercondyle showed lower BV/TV, Tb.Th, and DA in both normal and ovariectomised conditions (structural ratio < 1) but a lower Tb.N and higher Tb.Sp only
after ovariectomy. The SMI ratio appeared to be constant in the three-part anatomy,
regardless of ovariectomy. These changes suggest that intercondyle trabeculae suffer
from higher bone absorption than the lateral and medial condyles. Almost all structural
parameters and parameter ratios demonstrated a higher standard deviation in the O
group, indicating large variations among individual subjects in this group.
Collectively, we could observe that BV/TV, Tb.N, Tb.Th, Tb.Sp, and their ratios among
the three femoral condyles differed significantly under ovariectomised conditions. In
addition, we found that the medial femoral condyle trabeculae appeared to be more
abundant than the lateral ones.
Three‑dimensional printing (3DP) trabeculae accuracy validation

As shown in Table 1, in both the N and O groups, the weight of 3DP volume of interest (VOI) trabeculae was found to significantly correlate with their BV/TV (R2 > 0.96,
P < 0.001), indicating that 3DP VOI trabeculae replicated the actual structure well. The
table shows that the 3DP medial condyle trabeculae were heavier than the lateral condyle trabeculae, which corresponded to the finding that higher BV/TV was dominant in
the medial condyle.
Mechanical properties differentiation

The O group demonstrated a significantly lower Young’s modulus (P < 0.05), yield
strength (P < 0.05), ultimate strength (P < 0.05), and stiffness (P < 0.05) than the N group
in the three condyles. In both the N and O groups, the average mechanical properties
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Table 1 Accuracy validation between 3DP VOI trabeculaes and BV/TV
Group

Anatomy

Weight (g)
(x ± s, n = 10)

BV/TV (%)
(x ± s, n = 10)

R2

P

N

Medial condyle

4.48 ± 0.35

56.05 ± 3.45

0.965

< 0.001

3.95 ± 0.33

50.42 ± 3.37

0.966

37.08 ± 4.99

0.984

Inter-condyle
Lateral condyle
O

Medial condyle
Inter-condyle
Lateral condyle

3.91 ± 0.23

3.64 ± 0.48

2.83 ± 0.42

3.30 ± 0.45

49.49 ± 2.65

0.984

45.64 ± 5.21

0.963

43.88 ± 6.22

0.987

Fig. 3 Mechanical properties comparison of 3DP medial-, inter-, and lateral-condyle trabeculae in N and O
group

of the medial condyles were the highest, followed by those of the lateral condyles and
intercondyles. This differentiation is in line with the aforementioned BV/TV trends, as
shown in Fig. 3.
All mechanical property ratios of medial/lateral (m/l) were higher than 1 regardless of
ovariectomy, indicating that medial condyle trabeculae were more mechanically tougher
than the lateral condyle trabeculae, whereas the medial/lateral (m/l) ratio within the O
group seemed to be slightly higher than that of the N group, but the difference was not
significant (P > 0.05). As expected, the intercondyle trabeculae demonstrated the lowest
mechanical content among the three anatomies (i/m ratio < 1, i/l ratio < 1). The O group
demonstrated a lower mechanical property ratio of inter/medial (i/m) and inter/lateral (i/l) compared to the N group, suggesting that more severe mechanical attenuation
occurred in the intercondyle, as shown in Fig. 4.
Comparing the O and N groups, the reduction of BV/TV in the medial condyle
(16.07%) was not significantly different from that of the lateral condyle (15.75%); however, the reduction in the mechanical properties of the medial condyle was smaller than
that of the lateral condyle, especially in Young’s modulus and stiffness, indicating that
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Fig. 4 Mechanical properties ratio of inter/medial (i/m), inter/lateral (i/l), and medial/lateral (m/l) condyles
between the N and O groups

Table 2 Reduction of BV/TV and mechanical properties of O group compare to N group
Anatomy

Medial condyles

Properties

BV/TV reduction (%)

Properties
reduction
(%)

Young’s modulus

16.07

22.02

Yield strength

28.16

Ultimate strength

29.40

Stiffness
Inter-condyles

Young’s modulus

21.76
25.06

Yield strength

45.75

Ultimate strength

47.76

Stiffness
Lateral condyles

50.32

Young’s modulus

39.51
15.75

32.42

Yield strength

31.71

Ultimate strength

30.85

Stiffness

30.37

the asymmetric reduction of mechanical properties occurred between the medial and
lateral femoral condyles. The BV/TV and mechanical property reduction of the intercondyle were the highest, as shown in Table 2.
FE analysis

As shown in Fig. 5, intercondyle trabeculae in both the N and O groups generally demonstrated higher displacement than the lateral condyle trabeculae. The medial condyle
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Fig. 5 Displacement and stress nephogram of VOI trabeculae in the N and O groups

trabeculae showed minimum displacement. Similarly, there were more stress concentration regions within the intercondyle trabeculae than within the lateral condyle trabeculae. The medial condyle trabeculae showed a region of minimal stress. It is readily
comprehensible that a weaker structure deforms and sustains a higher stress concentration more easily.
We defined Ez as the effective modulus of trabeculae under a 1 N loading condition.
The differentiation trends of the Ez and Ez ratios were highly similar to the mechanical
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Fig. 6 Ez of medial-, inter-, and lateral-condyles and their ratio in the N and O groups

Table 3 Ez reduction of O group compare to N group
Anatomy

Properties

BV/TV reduction (%)

Ez reduction (%)

Medial condyles

Ez

16.07

44.19

Inter-condyles

25.06

66.02

Lateral condyles

15.75

47.12

properties of the 3DP VOI trabeculae, as described in the aforementioned compressive
tests, as shown in Fig. 6. In addition, the reduction in Ez also demonstrated a consistent
trend with the 3DP VOI trabeculae, as Table 3 shows. The FE model matched well with
the mechanical compression results.
Linear regression

BV/TV was found to be positively correlated with the Young’s modulus and Ez. BV/TV
was better at explaining the variance in the O group ( R2 > 0.70) in both the compression
test and FE simulation. The R
 2 value ranged from 0.30 to 0.90 in the normal group. In
addition, FE results seems to be superior to match Ez (R2:0.51–0.92) compared to 3DP
VOI trabeculae matching Young’s modulus (R2:0.30–0.82), as shown in Fig. 7.

Discussion
The structural parameters and mechanical properties of femoral condyle trabeculae
were characterised in normal and ovariectomised rats to demonstrate the history of
trabecular attenuation before and after ovariectomy. The femoral condyle was chosen
for this study because it is more symmetrical and regular in anatomy than the proximal
tibia. Therefore, it was ideal for controlling the potential anatomic interference to reveal
the loading-induced trabecular alteration. This study quantified the spatial distribution
and attenuation in femoral condyle trabeculae microarchitecture by combining 3DP and
micro-CT-based FE model. The results demonstrated that the medial femoral condyle
trabeculae dominated in BV/TV and the resultant mechanical properties in both healthy
and ovariectomised conditions. The mechanical properties of trabeculae under ovariectomised conditions are more relevant to BV/TV. These changes indicate that the medial
tibial plateau, corresponding to the medial femoral condyle, sustained more physiological load than the lateral plateau, regardless of ovariectomy.
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Fig. 7 Linear regression between BV/TV and E, Ez in the N and O groups

In the O group, we found a significant decrease in BV/TV and Tb.N and a significant
increase in Tb.Sp, whereas no significant deterioration was found in the DA in the three
parts of the femoral condyle. These alterations indicated accelerated bone resorption,
consistent with earlier studies on post-ovariectomy for 12-week-old rats [27, 28]. Specifically, the SMI (in general, perfect rod = 3 and perfect plate = 0) increased significantly
only in the intercondyle (Fig. 1); a larger variation can be found in BV/TV, Tb.N, and
Tb.Sp in the intercondyle compared to the medial and lateral condyles (Fig. 2); further,
the weight and mechanical properties of the 3DP intercondyle trabeculae were also
found to be minimal. These changes suggest that intercondyle trabeculae experience
higher bone absorption compared to the lateral and medial condyles, confirming Wolff ’s
law that in non-weight-bearing areas, trabeculae have less bone mass and a higher rate
of bone resorption.
Previous studies investigating KOA involving the normal femoral condyle found that
the medial condyle trabeculae BV/TV was slightly higher than that of the lateral condyle
[29–31]. These anatomical differences were replicated in our study, and it was interesting to find these differences under osteoporosis conditions (represented by ovariectomy
in the present study) (Fig. 2). In fact, previous studies, including the present study, demonstrated no statistically significant difference in BV/TV values between the medial
and lateral condyle trabeculae; however, when referring to individual femurs, almost all
femurs showed moderately higher BV/TV values in the medial condyle, indicating an
inherent anatomical difference between the medial and lateral condyles. More than 70%
of the variance in the Young’s modulus of trabeculae can be explained by BV/TV [11, 32,
33], therefore, we must determine how far these tiny variances between the medial and
lateral condyles contribute to the differentiation of mechanical properties.
The golden standard was to test the skeletal samples from cadavers or experimental animals; however, cadavers involve high cost and ethical issues and operation on
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experimental animals is challenging at the millimetre scale, limiting their applicability.
3DP [2, 34–37] and micro-CT based FE modelling [38–43] have been utilised to investigate the mechanical behaviour of trabeculae under different loading conditions and have
shown an excellent prediction. Before testing 3DP VOI trabeculae, the key objective
was to ensure that the 3D printer could accurately reproduce trabecular samples [36].
In the present study, the weight of 3DP VOI trabeculae from both groups significantly
correlated with their BV/TV values (Table 1), indicating that the 3DP printer accurately
printed the trabeculae models according to their BV/TV, and the 3DP VOI trabeculae
were sufficiently accurate for the mechanical compression test.
Mechanical compression tests clearly indicated different trends in the Young’s modulus, yield strength, ultimate strength, and stiffness, consistent with those of BV/TV
(Fig. 3). Nevertheless, the medial and lateral condyles showed a relatively high standard deviation in these mechanical properties, which was reversed to the intercondyle,
indicating a large variation among the individual subjects in these weight-bearing areas.
As expected from the former BV/TV differentiation, the medial condyle had superior
mechanical properties than the lateral condyle in healthy conditions (the Young’s modulus, yield strength, ultimate strength, and stiffness were approximately 1.2, 1.3, 1.33,
and 1.19 times that of the lateral condyle, respectively), and the superiority broadened
under the osteoporosis condition (approximately 1.46, 1.38, 1.39, and 1.39 times, respectively) (Fig. 4). The FE simulation also demonstrates this gap: displacement and stress
were found to more concentration on lateral condyle trabeculae (Fig. 5); the Ez of the
medial condyle trabeculae was 1.68 and 1.78 times that of the lateral condyle before
and after ovariectomy, respectively (Fig. 6). Previous studies identified the prevalence of
medial compartment tibiofemoral joint loading during neutral landing patterns in hopping motion [44], as well as a higher bone mineral density for the healthy medial femoral
condyle [45]. These experimental results support the findings of this study. Interestingly,
a cadaver study identified a higher Young’s modulus, yield strength, ultimate strength,
and BMD in the lateral femoral condyle; however, their trabeculae samples were pooled
along the anterior–posterior direction (compared to the vertical direction in the present
study) [46], suggesting that the medial and lateral condyles sustain prevalent loading in
different anatomical directions.
A decrease in BV/TV indeed leads to a drastic decline in mechanical properties, but
depends on the anatomic region. As shown in Tables 2 and 3, the decreases in the BV/
TV value in medial (16.07%) and lateral (15.75%) condyle trabeculae were very nearly
the same; however, their corresponding decline in mechanical properties differed
greatly, especially for the Young’s modulus (22.02% vs. 32.42%), stiffness (21.76% vs.
30.37%), and Ez (44.19% vs. 47.12%). This decline was more critical in the intercondyle
(with 25.06% lower BV/TV, 50.32% lower Young’s modulus, and 66.02% lower Ez). Compared to the normal population, BV/TV decreases in osteoporotic individuals by 6.6% to
45% depending on the examined bone, such as vertebra, iliac bone, femoral head, distal
femur, and distal radius [11]. The BV/TV varies significantly even in the same bone [27].
This range places our 15–25% decrease in BV/TV in the middle of the osteoporotic scale,
possibly corresponding to the marked osteopenia stage. Similar to our results, another
study identified that the BV/TV of femoral trabeculae ranged between 11 and 33% in
osteoporotic individuals, corresponding to a decrease of approximately 20% in structural
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stiffness and 24% in structural strength [18]. Furthermore, a reduction of 8–10% in trabecular BV/TV results in an approximately 17% decrease in structural stiffness, according to an FE study [47]. These similar results support the validity of 3DP trabeculae and
micro-CT-based FE model as dependable tools to predict the effect of trabecular attenuation on its mechanical properties.
Unexpectedly, the predicted accuracy of BV/TV in the variances of elastic properties
was higher after ovariectomy (Fig. 7). This might be due to the loss of other microstructures that were not investigated in this study, such as trabecular connectivity density
(Conn.D). Conn.D reflects small interconnecting trabeculae with small initial diameters,
which were not reflected in the BV or BV/TV values. As bone volume decreases, there
is a corresponding decrease in Conn.D, which may lead to a disproportionate loss of trabecular strength [48, 49], thereby augmenting the goodness of fit between BV/TV and
elastic properties. However, because of the limited availability of young or premenopausal skeletal specimens [50], it remains to be demonstrated in the future.
This study had several limitations. How scale and organic material (i.e. polymer) affect
the mechanical properties remains to be clarified. Furthermore, we looked at only one
loading rate, which could be a potential limitation of our study. It is important to note
that because we are studying the structural effects of trabecular architecture differentiation, the mechanical properties reported in our study are less informative (as the material tested is poly(lactic acid) (PLA) rather than bone tissue). However, the percentage
change of the mechanical properties (and their similarity to previously reported findings) is informative.

Conclusions
According to Wolff ’s law, loading triggers an adaptive bone remodelling process that, in
the present study, may have higher trabecular BV/TV and better mechanical properties
in the medial femoral condyle. The higher trabecular BV/TV and improved mechanical
properties are due to a larger reaction force from the corresponding medial tibial plateau compared to the lateral plateau. This inherent imbalance appears to be aggravated
after ovariectomy. Considering this, we can partly explain that varus knee deformities
account for the majority of patients with KOA and affect more than 70% of patients with
idiopathic KOA [19] and the "non-uniform settlement" phenomenon of the medial tibial
plateau [25].
Materials and methods
Animal and samples

Twenty 8-week-old female Sprague–Dawley rats were randomly separated into two
groups: normal control group (N, n = 10) and ovariectomised group (O, n = 10). Randomisation was performed using random numbers. They had no musculoskeletal disorders before the experiment. All rats were raised in a standard specific-pathogen-free
environment and allowed free access to food. After 12 weeks, all rats (N, n = 10; O,
n = 10) were euthanised by an overdose of anaesthesia, and the right femurs were dissected and collected. Femur samples were fixed with 4% paraformaldehyde for 48 h and
kept at room temperature for subsequent micro-CT scans.
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Micro‑CT tomography [27]

All excised femurs were imaged using a micro-CT scanner (SkyScan1172, Bruker, USA)
at a resolution of 15 μm and with a voltage of 80 kV, current of 100 μA, an aluminium
filter of 0.5 mm, rotation step of 0.6°, and exposure time of 360 ms. The images were
then reconstructed using bundled Nrecon1.7.0.4. The DataViewer1.4.3 software (SkyScan1172, Bruker, USA) was employed to orient the cross-sectional images parallel to
the transaxial plane. A cylindrical VOI with a diameter of 1 mm and height of 1.18 mm
was placed in the weight-bearing regions of the medial and lateral femoral condyles. The
intercondyle was also segmented for comparisons. The bottom segmentation boundaries
were marked when the VOI diameter of the intercondyle was constrained by the endocortical bone margin enclosing the femoral trochlea and intercondylar fossa (Fig. 8A).
CTAn1.16.8.0 (SkyScan1172, Bruker, USA) was used for the morphometric analysis of
VOI trabeculae. A grey-scale threshold of 80–255 was chosen to segment the VOI as
bitmap images. The measured 3D microstructural parameters were based on VOI trabeculae, including BV/TV, Tb.N, SMI, Tb.Th, Tb.Sp, and DA. The VOI trabeculae were
also saved as a "stl" file for optimisation.
3D models optimisation

Since the raw the "stl" file format VOI trabeculae were full of noises (for example, spikes,
unconnected elements) and were too rough for 3D printing and FE analysis (Fig. 8B),
optimisation including smoothing, mesh reduction, and remeshing was applied in Geomagic Studio 2013(GEOMAGIC, USA). The optimisation was performed carefully to
maintain structural integrity. 3D trabeculae were saved as "stl" files, and were ready for
subsequent 3D printing (Fig. 8C).
Three‑dimensional printing

3DP can accurately and precisely produce trabecular samples and produces informative
mechanical alterations with simplicity and convenience [2, 35–37, 51]. The actual size of
the VOI trabeculae was 1 mm (diameter) × 1.18 mm (height), which is too small to be
fabricated using 3DP and to reproduce the microarchitecture of trabecular specimens.

Fig. 8 VOI in distal femoral condyle. A The bottom segmentation boundaries of VOI trabeculae. B Raw
3D model of VOI trabeculae containing spikes and unconnected elements. C Polished 3D model of VOI
trabeculae
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Therefore, the VOI trabeculae were scaled 20 times [52] using the Materialise Magics software (version 21.0; Materialise, Belgium). All VOI trabeculae were then printed
using an HP Jet Fusion 3D printer (Hewlett-Packard, USA) using a PLA filament with
a layer thickness of 60 μm (Fig. 9A, B), far smaller than the dimension of the magnified
trabeculae. The HP jet fusion 3D printer uses a novel technique called multi-jet fusion.
The technique provides high levels of part quality faster and cheaper than existing 3DP
technologies [53, 54]. PLA has been extensively used to reproduce skeletal mechanical
properties and has the advantages of biocompatibility and biodegradability [51, 55, 56].
According to the manufacturer, the melting temperature of the PLA filament is 170 –
230 °C, and the density is approximately 1.3 g/cm3. 3DP VOI trabeculae were weighed,
and least squares linear regression was calculated against BV/TV to validate the accuracy of replicating microarchitecture [36].
Mechanical tests

3DP VOI trabeculae (diameter 20 mm, height 23.6 mm) were loaded in uniaxial compression testing using a universal testing machine (Jingzhuo Machinery Factory, Yangzhou, China) equipped with a 10-kN load cell with an error of 0.3% of the indicated value
and loaded at a rate of 2 mm/min. A small compression preload of 5 N was applied at the

Fig. 9 3DP VOI trabeculae and mechanical tests. A An overview of 3DP VOI trabeculae from femoral
condyles. B A close-up view of 3DP VOI trabeculae. C A view of the universal testing machine used to load
the 3DP VOI trabeculae in compression. D Typical stress–strain curve for the 3DP VOI trabeculae tested along
the principal direction
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Table 4 The average number of elements and nodes of 3D trabeculae ( x ± s)
Group
N

Anatomy
Medial condyle
Inter-condyle
Lateral condyle
Medial condyle

O

Inter-condyle
Lateral condyle

Element
321,635 ± 19,243

275,052 ± 20,080

283,878 ± 20,467

274,169 ± 33,900

218,647 ± 57,192

253,848 ± 36,801

Node
71,703 ± 3796

63,629 ± 3903

64,604 ± 4138

62,556 ± 6829

49,759 ± 7526

58,233 ± 7640

Fig. 10 Finite element model of VOI trabeculae. Black arrows represent load using loading control; the black
triangles represent boundary conditions

beginning of each experiment. The measurements were recorded every 100 ms (Fig. 9C).
The Young’s modulus, ultimate strength, yield strength, and stiffness were determined
for the 3DP VOI trabeculae. Young’s modulus was defined as the slope of the stress–
strain curve in the linear region, while the ultimate strength was defined as the maximal
stress. The yield strength was determined using the 0.2% offset method [57], and the
stiffness was the slope of the load–deformation curve (Fig. 9D).
FE modelling

The FE method was also used to predict the effective Young’s modulus of VOI trabeculae. First, in Hypermesh 14.0 software (Altair, USA), post-optimised 3D trabeculae were
meshed to C3D4 tetrahedral elements with a size of 18 μm. The average number of elements and nodes of the 3D trabeculae is shown in Table 4. The element density was kept
sufficiently high to accurately represent the microstructure of the trabecular bone. The
convergence test suggested that a size of 18 μm was sufficient for convergence.
A linear elastic model was adopted, with a Poisson’s ratio of 0.3. The Young’s modulus
of the elements was assigned according to the function derived from the distal femur of
rats [33]:

E = 14899(BV/TV)1.94 ,
where E represents Young’s modulus. A small uniaxial compressive force (F = 1 N,
along the Z-axis) [58] was applied using loading control, and the resultant displacement
was computed (Fig. 10). Let r, h, Δh, and F denote the radius, original height, maximal
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displacements, and applied force of the VOI trabeculae, respectively. The average stress
can be calculated using F/πr2, and the average strain by Δh/h. Specifically, the cut-off
values for the upper 95th percentile of the displacements along the Z-axis in each trabeculae were defined to represent the maximal displacements [59, 60]. The maximum
displacement was calculated by averaging nodal displacements. Therefore, the effective
Young’s modulus [9] of VOI trabeculae can be calculated using the following equation:

E=

F
πr2
h
h

.

Using this approach, the effective Young’s modulus of the VOI trabeculae along the Z
direction, denoted as Ez, was obtained.
Statistical analysis

We must point out that because we use PLA rather than bone tissue, the mechanical properties may differ from the actual bone material. However, the sample ratio still demonstrates
the difference and attenuation of their mechanical behaviour. The structural parameters
and mechanical properties of the N and O groups are compared. We calculated the ratios of
the structural parameters and mechanical properties within the samples. The Mann–Whitney U test (SPSS20.0, IBM, USA) was used to identify significant differences. Linear regression was also performed to describe the correlation between the structural parameters and
mechanical properties.
Acknowledgements
The authors would acknowledge the Lingnan Medical Research Center of Guangzhou University of Chinese Medicine for
providing testing machine.
Author contributions
LZ carried out the concept and design of the study, 3D printing and interpreted the data. YD, YZ performed the finite
element model and statistical analysis. XH, MW, DZ, CL participated in the acquisition of data. LZ drafted the manuscript.
ZL obtained funding and supervised the study. YF provided administrative, technical, and material support for the study.
All authors read and approved the final manuscript.
Funding
This work was supported by the National Natural Science Foundation of China (81673996). National Famous Old Chinese
Medicine Expert inheritance studio construction project (2022).
Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable
request.

Declarations
Ethics approval and consent to participate
The protocol pertaining to all procedures and aspects of animal study was approved by the ethics committee of The First
Affiliated Hospital of Guangzhou University of Chinese Medicine, and conducted according to the Guide for the Care and
Use of Laboratory Animals.
Consent to publication
The participants acknowledged their consent to publish the acquired data.
Competing interests
The authors declare that they have no competing interests.
Received: 10 July 2022 Accepted: 6 September 2022

Page 15 of 18

Zheng et al. BioMedical Engineering OnLine

(2022) 21:68

References
1. Barak MM, Lieberman DE, Hublin JJ. A Wolff in sheep’s clothing: trabecular bone adaptation in response to changes
in joint loading orientation. Bone. 2011;49:1141–51. https://doi.org/10.1016/j.bone.2011.08.020.
2. Barak MM, Black AM. Using 3D-printing to evaluate trabecular bone mechanical properties. Faseb J. 2017;31:902–23.
https://doi.org/10.1096/fasebj.31.1_supplement.902.23.
3. Ben-Zvi Y, Reznikov N, Shahar R, Weiner S. 3D architecture of trabecular bone in the pig mandible and femur: intertrabecular angle distributions. Front Mater. 2017;4:1–15. https://doi.org/10.3389/fmats.2017.00029.
4. Goulet RW, Goldstein SA, Ciarelli MJ, Kuhn JL, Brown MB, Feldkamp LA. The relationship between the structural and
orthogonal compressive properties of trabecular bone. J Biomech. 1994;27:375–89. https://doi.org/10.1016/0021-
9290(94)90014-0.
5. Keaveny TM, Wachtel EF, Ford CM, Hayes WC. Differences between the tensile and compressive strengths of bovine
tibial trabecular bone depend on modulus. J Biomech. 1994;27:1137–46. https://doi.org/10.1016/0021-9290(94)
90054-X.
6. Hou FJ, Lang SM, Hoshaw SJ, Reimann DA, Fyhrie DP. Human vertebral body apparent and hard tissue stiffness. J
Biomech. 1998;31:1009–15. https://doi.org/10.1016/s0021-9290(98)00110-9.
7. Maquer G, Musy SN, Wandel J, Gross T, Zysset PK. Bone volume fraction and fabric anisotropy are better determinants of trabecular bone stiffness than other morphological variables. J Bone Miner Res. 2015;30:1000–8. https://doi.
org/10.1002/jbmr.2437.
8. Ding M, Overgaard S. 3-D microarchitectural properties and rod- and plate-like trabecular morphometric properties
of femur head cancellous bones in patients with rheumatoid arthritis, osteoarthritis, and osteoporosis. J Orthop
Translat. 2021;28:159–68. https://doi.org/10.1016/j.jot.2021.02.002.
9. Liu P, Liang X, Li Z, Zhu X, Zhang Z, Cai L. Decoupled effects of bone mass, microarchitecture and tissue property on
the mechanical deterioration of osteoporotic bones. Compos B Eng. 2019;177:1–8. https://doi.org/10.1016/j.compo
sitesb.2019.107436.
10. Van Rietbergen B, Odgaard A, Kabel J, Huiskes R. Relationships between bone morphology and bone elastic properties can be accurately quantified using high-resolution computer reconstructions. J Orthopaed Res. 1998;16:23–8.
https://doi.org/10.1002/jor.1100160105.
11. Morgan EF, Unnikrisnan GU, Hussein AI. Bone mechanical properties in healthy and diseased states. Annu Rev
Biomed Eng. 2018;20:119–43. https://doi.org/10.1146/annurev-bioeng-062117-121139.
12. Jaasma MJ, Bayraktar HH, Niebur GL, Keaveny TM. Biomechanical effects of intraspecimen variations in tissue modulus for trabecular bone. J Biomech. 2002;35:237–46. https://doi.org/10.1016/s0021-9290(01)00193-2.
13. Zysset PK, Guo XE, Hoffler CE, Moore KE, Goldstein SA. Elastic modulus and hardness of cortical and trabecular bone
lamellae measured by nanoindentation in the human femur. J Biomech. 1999;32:1005–12. https://doi.org/10.1016/
s0021-9290(99)00111-6.
14. Mosekilde L, Mosekilde L, Danielsen CC. Biomechanical competence of vertebral trabecular bone in relation to ash
density and age in normal individuals. Bone. 1987;8:79–85. https://doi.org/10.1016/8756-3282(87)90074-3.
15. McCalden RW, McGeough JA, Court-Brown CM. Age-related changes in the compressive strength of cancellous bone. The relative importance of changes in density and trabecular architecture. J Bone Joint Surg Am.
1997;79:421–7. https://doi.org/10.2106/00004623-199703000-00016.
16. Laib A, Barou O, Vico L, Lafage-Proust MH, Alexandre C, Rugsegger P. 3D micro-computed tomography of trabecular
and cortical bone architecture with application to a rat model of immobilisation osteoporosis. Med Biol Eng Comput. 2000;38:326–32. https://doi.org/10.1007/BF02347054.
17. Zhang ZM, Li ZC, Jiang LS, Jiang SD, Dai LY. Micro-CT and mechanical evaluation of subchondral trabecular bone
structure between postmenopausal women with osteoarthritis and osteoporosis. Osteoporosis Int. 2010;21:1383–
90. https://doi.org/10.1007/s00198-009-1071-2.
18. Li BH, Aspden RM. Composition and mechanical properties of cancellous bone from the femoral head of patients
with osteoporosis or osteoarthritis. J Bone Miner Res. 1997;12:641–51. https://doi.org/10.1359/jbmr.1997.12.4.641.
19. Shiozaki H, Koga Y, Omori G, Yamamoto G, Takahashi HE. Epidemiology of osteoarthritis of the knee in a rural Japanese population. Knee. 1999;6:183–8. https://doi.org/10.1016/S0968-0160(99)00011-3.
20. Barrett JP Jr, Rashkoff E, Sirna EC, Wilson A. Correlation of roentgenographic patterns and clinical manifestations of
symptomatic idiopathic osteoarthritis of the knee. Clin Orthop Relat Res. 1990;4:179–83. https://doi.org/10.1097/
00003086-199004000-00024.
21. Reina N, Cavaignac E, Pailhe R, Pailliser A, Bonnevialle N, Swider P, et al. BMI-related microstructural changes in the
tibial subchondral trabecular bone of patients with knee osteoarthritis. J Orthop Res. 2017;35:1653–60. https://doi.
org/10.1002/jor.23459.
22. Rapagna S, Roberts BC, Solomon LB, Reynolds KJ, Thewlis D, Perilli E. Tibial cartilage, subchondral bone plate and trabecular bone microarchitecture in varus- and valgus-osteoarthritis versus controls. J Orthop Res. 2021;39:1988–99.
https://doi.org/10.1002/jor.24914.
23. Roberts BC, Solomon LB, Mercer G, Reynolds KJ, Thewlis D, Perilli E. Relationships between in vivo dynamic knee
joint loading, static alignment and tibial subchondral bone microarchitecture in end-stage knee osteoarthritis.
Osteoarthr Cartilage. 2018;26:547–56. https://doi.org/10.1016/j.joca.2018.01.014.
24. Dong T, Chen W, Zhang F, Yin B, Tian Y, Zhang Y. Radiographic measures of settlement phenomenon in patients
with medial compartment knee osteoarthritis. Clin Rheumatol. 2016;35:1573–8. https://doi.org/10.1007/
s10067-015-3146-0.
25. Yang ZY, Chen W, Li CX, Wang J, Shao DC, Hou ZY, et al. Medial compartment decompression by fibular osteotomy
to treat medial compartment knee osteoarthritis: a pilot study. Orthopedics. 2015;38:e1110–4. https://doi.org/10.
3928/01477447-20151120-08.
26. Jiang WB, Sun SZ, Li C, Adds P, Tang W, Chen W, et al. Anatomical basis of the support of fibula to tibial plateau and
its clinical significance. J Orthop Surg Res. 2021;16:346. https://doi.org/10.1186/s13018-021-02500-8.
27. Wu Y, Adeeb S, Doschak MR. Using micro-CT derived bone microarchitecture to analyze bone stiffness—a case
study on osteoporosis rat bone. Front Endocrinol (Lausanne). 2015;6:1–7. https://doi.org/10.3389/fendo.2015.00080.

Page 16 of 18

Zheng et al. BioMedical Engineering OnLine

(2022) 21:68

28. Zhang Z, Xiang L, Wang Y, Jiang Y, Cheng Y, Xiao GG, et al. Effect of diosgenin on the circulating microRNA profile of
ovariectomized rats. Front Pharmacol. 2020;11:1–9. https://doi.org/10.3389/fphar.2020.00207.
29. Florea C, Malo MK, Rautiainen J, Makela JT, Fick JM, Nieminen MT, et al. Alterations in subchondral bone plate,
trabecular bone and articular cartilage properties of rabbit femoral condyles at 4 weeks after anterior cruciate ligament transection. Osteoarthritis Cartilage. 2015;23:414–22. https://doi.org/10.1016/j.joca.2014.11.023.
30. Bolbos RI, Zuo J, Banerjee S, Link TM, Ma CB, Li X, et al. Relationship between trabecular bone structure and articular
cartilage morphology and relaxation times in early OA of the knee joint using parallel MRI at 3 T. Osteoarthritis
Cartilage. 2008;16:1150–9. https://doi.org/10.1016/j.joca.2008.02.018.
31. Fernandez-Martin S, Permuy M, Lopez-Pena M, Munoz F, Gonzalez-Cantalapiedra A. No effect of long-term risedronate use on cartilage and subchondral bone in an experimental rabbit model of osteoarthritis. Front Vet Sci.
2020;7:1–16. https://doi.org/10.3389/fvets.2020.576212.
32. Morgan EF, Bayraktar HH, Keaveny TM. Trabecular bone modulus-density relationships depend on anatomic site. J
Biomech. 2003;36:897–904. https://doi.org/10.1016/s0021-9290(03)00071-x.
33. Cory E, Nazarian A, Entezari V, Vartanians V, Muller R, Snyder BD. Compressive axial mechanical properties of rat
bone as functions of bone volume fraction, apparent density and micro-ct based mineral density. J Biomech.
2010;43:953–60. https://doi.org/10.1016/j.jbiomech.2009.10.047.
34. Amini M, Reisinger A, Pahr DH. Influence of processing parameters on mechanical properties of a 3D-printed trabecular bone microstructure. J Biomed Mater Res B Appl Biomater. 2020;108:38–47. https://doi.org/10.1002/jbm.b.
34363.
35. Wood Z, Lynn L, Nguyen JT, Black MA, Patel M, Barak MM. Are we crying Wolff? 3D printed replicas of trabecular
bone structure demonstrate higher stiffness and strength during off-axis loading. Bone. 2019;127:635–45. https://
doi.org/10.1016/j.bone.2019.08.002.
36. Barak MM, Black MA. A novel use of 3D printing model demonstrates the effects of deteriorated trabecular bone
structure on bone stiffness and strength. J Mech Behav Biomed. 2018;78:455–64. https://doi.org/10.1016/j.jmbbm.
2017.12.010.
37. Yoon YJ, Moon SK, Hwang J. 3D printing as an efficient way for comparative study of biomimetic structures—trabecular bone and honeycomb. J Mech Sci Technol. 2014;28:4635–40. https://doi.org/10.1007/s12206-014-1031-4.
38. Yoon S, Schiffer A, Jang IG, Lee S, Kim TY. Predictions of the elastic modulus of trabecular bone in the femoral head
and the intertrochanter: a solitary wave-based approach. Biomech Model Mechan. 2021;20:1733–49. https://doi.
org/10.1007/s10237-021-01473-1.
39. Yadav RN, Sihota P, Uniyal P, Neradi D, Bose JC, Dhiman V, et al. Prediction of mechanical properties of trabecular
bone in patients with type 2 diabetes using damage based finite element method. J Biomech. 2021;123:1–12.
https://doi.org/10.1016/j.jbiomech.2021.110495.
40. Winsor C, Li X, Qasim M, Henak CR, Pickhardt PJ, Ploeg H, et al. Evaluation of patient tissue selection methods for
deriving equivalent density calibration for femoral bone quantitative CT analyses. Bone. 2021;143:1–12. https://doi.
org/10.1016/j.bone.2020.115759.
41. Quintana-Barcia C, Rodriguez C, Alvarez G, Maestro A. Biomechanical behavior characterization and constitutive
models of porcine trabecular tibiae. Biol Basel. 2021;10:1–18. https://doi.org/10.3390/biology10060532.
42. Bennison MBL, Pilkey AK, Lievers WB. Evaluating a theoretical and an empirical model of “side effects” in cancellous
bone. Med Eng Phys. 2021;94:8–15. https://doi.org/10.1016/j.medengphy.2021.05.022.
43. Adanty K, Rabey KN, Doschak MR, Bhagavathula KB, Hogan JD, Romanyk DL, et al. Cortical and trabecular morphometric properties of the human calvarium. Bone. 2021;148:1–10. https://doi.org/10.1016/j.bone.2021.115931.
44. Gushue DL, Houck J, Lerner AL. Rabbit knee joint biomechanics: motion analysis and modeling of forces during
hopping. J Orthop Res. 2005;23:735–42. https://doi.org/10.1016/j.orthres.2005.01.005.
45. Messner K, Fahlgren A, Ross I, Andersson B. Simultaneous changes in bone mineral density and articular cartilage in
a rabbit meniscectomy model of knee osteoarthrosis. Osteoarthritis Cartilage. 2000;8:197–206. https://doi.org/10.
1053/joca.1999.0290.
46. Burgers TA, Mason J, Niebur G, Ploeg HL. Compressive properties of trabecular bone in the distal femur. J Biomech.
2008;41:1077–85. https://doi.org/10.1016/j.jbiomech.2007.11.018.
47. van der Linden JC, Homminga J, Verhaar JA, Weinans H. Mechanical consequences of bone loss in cancellous bone.
J Bone Miner Res. 2001;16:457–65. https://doi.org/10.1359/jbmr.2001.16.3.457.
48. Teo JCM, Si-Hoe KM, Keh JEL, Teoh SH. Correlation of cancellous bone microarchitectural parameters from microCT
to CT number and bone mechanical properties. Mater Sci Eng, C. 2007;27:333–9. https://doi.org/10.1016/j.msec.
2006.05.003.
49. Guo XE, Kim CH. Mechanical consequence of trabecular bone loss and its treatment: a three-dimensional model
simulation. Bone. 2002;30:404–11. https://doi.org/10.1016/s8756-3282(01)00673-1.
50. Chen H, Shoumura S, Emura S, Bunai Y. Regional variations of vertebral trabecular bone microstructure with age and
gender. Osteoporos Int. 2008;19:1473–83. https://doi.org/10.1007/s00198-008-0593-3.
51. Wu D, Spanou A, Diez-Escudero A, Persson C. 3D-printed PLA/HA composite structures as synthetic trabecular bone:
a feasibility study using fused deposition modeling. J Mech Behav Biomed Mater. 2020;103: 103608. https://doi.org/
10.1016/j.jmbbm.2019.103608.
52. Woo DG, Kim CH, Kim HS, Lim D. An experimental-numerical methodology for a rapid prototyped application combined with finite element models in vertebral trabecular bone. Exp Mech. 2008;48:657–64. https://doi.org/10.1007/
s11340-007-9108-y.
53. Hokeun Kim, Yan Zhao, Zhao L: Process-level modeling and simulation for HP’s Multi Jet Fusion 3D printing technology. In: 2016 1st international workshop on cyber-physical production systems (CPPS) 2016. p. 1–4.
54. Singh AP, Pervaiz S: Current status and prospects of multi-jet fusion (MJF) based 3D printing technology. In: ASME
2021 international mechanical engineering congress and exposition: 2021. 2021.
55. Senatov FS, Niaza KV, Stepashkin AA, Kaloshkin SD. Low-cycle fatigue behavior of 3d-printed PLA-based porous scaffolds. Compos Part B-Eng. 2016;97:193–200. https://doi.org/10.1016/j.compositesb.2016.04.067.

Page 17 of 18

Zheng et al. BioMedical Engineering OnLine

(2022) 21:68

Page 18 of 18

56. Baptista R, Guedes M. Morphological and mechanical characterization of 3D printed PLA scaffolds with controlled
porosity for trabecular bone tissue replacement. Mater Sci Eng C Mater Biol Appl. 2021;118:1–17. https://doi.org/10.
1016/j.msec.2020.111528.
57. Burket JC, Brooks DJ, MacLeay JM, Baker SP, Boskey AL, van der Meulen MCH. Variations in nanomechanical
properties and tissue composition within trabeculae from an ovine model of osteoporosis and treatment. Bone.
2013;52:326–36. https://doi.org/10.1016/j.bone.2012.10.018.
58. Waldorff EI, Goldstein SA, McCreadie BR. Age-dependent microdamage removal following mechanically induced
microdamage in trabecular bone in vivo. Bone. 2007;40:425–32. https://doi.org/10.1016/j.bone.2006.08.011.
59. Yang H, Xu X, Bullock W, Main RP. Adaptive changes in micromechanical environments of cancellous and cortical
bone in response to in vivo loading and disuse. J Biomech. 2019;89:85–94. https://doi.org/10.1016/j.jbiomech.2019.
04.021.
60. Yang H, Butz KD, Duffy D, Niebur GL, Nauman EA, Main RP. Characterization of cancellous and cortical bone strain in
the in vivo mouse tibial loading model using microCT-based finite element analysis. Bone. 2014;66:131–9. https://
doi.org/10.1016/j.bone.2014.05.019.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

