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A B S T R A C T

Background: Autologous cancellous bone grafting still represents the gold standard for the therapy of non-healing 
bone defects. However, donor site morbidity and the restricted availability of autologous bone grafts have 
initiated scientists to look for promising alternatives to heal even large defects. The present study aimed to 
evaluate the biomechanical potential and failure properties of a previously developed metaphyseal critical-size 
defect model of the proximal tibia in minipigs for future comparisons of bone substitute materials.
Methods: Fresh-frozen minipig tibiae were divided into two groups, with half undergoing the creation of critical- 
size defects. Specimens were subjected to biomechanical fatigue tests and load-to-failure tests. CT scans post-test 
verified bone damage. Statistical analysis compared the properties of defected and intact specimens.
Findings: In this model, it was demonstrated that under uniaxial cyclic compression within the loading axis, the 
intact tibiae specimens (8708 ± 202 N) provided a significant (p = 0.014) higher compressive force to failure 
than the tibiae with the defect (6566 ± 1653 N).
Interpretation: Thus, the used minipig model is suitable for comparing bone substitute materials regarding their 
biomechanical forces and bone regeneration capacity.

1. Introduction

The treatment of critical-size bone defects as a result of trauma, tu-
mors, or pseudarthrosis is still a challenging clinical problem leading to 
long hospitalization and repetitive surgical interventions. In particular, 
bone defects of critical-size do not heal spontaneously and require spe-
cial therapy. More than two million bone grafts are used per year to treat 
these non-healing defects (Giannoudis et al., 2005). In addition to sur-
gical, economical, and scientific challenges, non-healing defects repre-
sent relevant socio-economic problems with serious consequences for 
affected patients (DeCoster et al., 2004). Delayed union or nonunion 

occurs in approximately 10 % of all fractures. In patients with risk fac-
tors such as diabetes mellitus or nicotine abuse, this risk increases up to 
30 % (Zimmermann et al., 2006). Currently, autologous bone grafting 
still represents the gold standard, because of its optimal osteogenic, 
osteoinductive, and osteoconductive features (Fellah et al., 2008). 
However, besides the challenge of donor site morbidity, the restricted 
availability of autologous cancellous bone represents a limiting factor of 
its therapeutic usability (Arrington et al., 1996). Consequently, various 
in vitro and in vivo studies have been performed to investigate the 
regenerative properties of scaffolds in combination with multipotent 
mesenchymal stromal cells (MSCs) and/or growth factors. In this 
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context, our research group has developed a large animal model in 
minipigs for non healing critical-size bone defects to compare and to 
analyze cell therapeutics for bone regeneration (Jungbluth et al., 2010). 
The pig exhibits nearly the same osseous-reparative capacities as 
humans (Schlegel et al., 2003). Therefore, its long tubular bone structure 
represents an ideal large animal for evaluating regenerative capacity of 
scaffolds, cells, and growth factors (Furst et al., 2003). Using this specific 
animal model, promising histomorphometrical and radiological results 
in the early phase of bone healing could be achieved using such as 
human-induced mesenchymal stromal cells (iMSCs) and autologous 
bone marrow concentrate (BMC) in combination with calcium phos-
phate granules (CPG) (Jungbluth et al., 2019; Hakimi et al., 2014). 
However, biomechanical studies of bone healing in critical-size defects 
in weight-bearing limbs in large animal models are still lacking. The 
present study aims to evaluate the biomechanical usability for testing 
the stability of bone graft substitutes in a critical-size defect model of the 
minipig. As previously described, no bone healing is expected with the 
standardized metaphyseal critical-size defect used in this study without 
any treatment (Hakimi et al., 2014; Jungbluth et al., 2019). For future 
preclinical comparison of the stability of osseous consolidation after the 
transplantation of bone substitute materials in a minipig model setting it 
is crucial to investigate the biomechanical properties of our critical-size 
defect (Hakimi et al., 2014).

2. Methods

2.1. Specimen and preparation

The biomechanical tests were performed on fresh-frozen minipig 
tibiae that had no previous defect. Animal specimens represent a suit-
able alternative to human bones because of their low variance in ma-
terial properties (Wancket, 2015), low cost, and availability. For better 
comparability, the minipigs were from the same breed, had similar age 
and weight, and were kept under the same in-housing conditions (daily 
light, food, and temperature). All experiments were carried out with 

specimens registered at the North Rhine-Westphalia State Agency for 
Nature, Environment, and Consumer Protection. Ethical approval was 
given for all involved animals covering the Animal Welfare Act of North 
Rhine-Westphalia, Germany. The tibiae specimens were stored in double 
sealed bags in a freezer at − 20 ◦C, thawed at 4 ◦C for 24 h (Robb et al., 
2005), and dissected at the extremities to have a specimen length of 250 
mm. Subsequently, the specimen was aligned with the knee in the most 
extended position. The joint and both extremities of the specimen were 
considered as references for alignment. Afterward, the longitudinal axis 
of each tibia was kept parallel to the loading axis. The proximal and 
distal ends were embedded in resin (Technovit® 4004, Heraeus Kulzer 
GmbH, Germany) using a custom-made rail system. These steps were 
achieved using a dual crossline laser. For 4 out of 8 specimens, a stan-
dardized monocortical critical-size defect was created by drilling a cy-
lindrical defect of 11 mm diameter and 25 mm depth in the right 
proximal tibia 10 mm distal to the joint line and 12 mm anterior to the 
most posterior aspect of the tibia using a cannulated reamer (Aesculap 
AG & Co. KG, Tuttlingen, Germany), (Fig. 1 A - D) by an experienced 
surgeon as it was described before in our previous work (Hakimi et al., 
2014; Jungbluth et al., 2010; Jungbluth et al., 2019).

2.2. Testing protocols

The specimens were mounted disarticulated without a femoral 
component in a custom-made machine (Dyna-mess Prüfsysteme GmbH, 
Stolberg, Germany) as shown in Fig. 2. Fatigue tests were performed 
using a physiological uniaxial loading protocol similar to the one per-
formed by Weninger et al. (2009) and Tschegg et al. (2008). This pro-
tocol consists of a sinusoidal cyclic load with an average amplitude of 
350 N representing the gravitational body weight of the minipig (35 kg). 
The compressive load oscillates up to a peak of 700 N to simulate 
varying loading and effects of the muscles present in daily activities 
(Fig. 3) (Bergmann et al., 2001; Giarmatzis et al., 2015; Kutzner et al., 
2010). The specimen was set to undergo 40,000 loading cycles at 1 Hz 
exerted by the pneumatic actuator of the machine. The load was 

Fig. 1. Specimen with a standardized critical-size defect at the upper part of the tibia. (A) Positioning of the driller at the tibia (A). Close-up of the defect hole (B). 
Removed bone cylinder (C). Clamped tibia for fatigue test for load-to-failure analysis (D).
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recorded by a load cell at a frequency of 100 Hz. The sensor had a 
maximum error of 1 % relative to the target value. The diameter of the 
fracture defect size in the vertical direction was measured with a digital 
caliper before and after cyclic testing. The caliper had an accuracy of 
±0.2 mm and a resolution of 0.1 mm.

Compressive load-to-failure tests were carried out using a universal 
machine (Zwick Roell Group, Ulm, Germany) as shown in Fig. 4. The 
load-to-failure protocol consisted of compression at a rate of 1 mm/s, 
and a reduction in load of 30 % was considered the stop criteria. 
Computerized tomography (CT) scans, using a 2 × 128-slice SOMATOM 
Definition Flash CT scanner (Siemens Healthcare AG, Zurich, 
Switzerland), were performed after fatigue protocol and load-to-failure 
tests to complement the data acquired by the machines’ sensors.

2.3. Analysis

The CT scans were analyzed for definite signs of fracture or plastic 
deformation of the bone defect with the software IntelliSpace PACS 

Enterprise (version 4.4, Phillips GmbH Market DACH Health System, 
Hamburg, Germany) to verify the damage to the bone after fatigue tests 
and after load-to-failure tests. The maximum compressive force during 
load-to-failure tests for the defected specimens was compared to the 
intact specimens. Statistical analyses were performed in Microsoft Excel 
(XLSTAT package) by the non-parametric Mann-Whitney U Test to 
determine statistical significance. One-tailed tests for independent 
samples were performed assuming a stepwise reduction in the maximum 
compressive force of the tibia for the intact state and defected state, 
respectively. The means experimental values were calculated and 
analyzed for statistical comparisons considering a level of significance of 
p ≤ 0.05. Additionally, for the fatigue tests, the maximum displacement 
in compression was recorded. The comparison between defect and intact 
groups was performed by comparing the maximum displacement for the 
last cycle for the groups.

3. Results

3.1. Location of failure

After the fatigue tests the fixation of the tibiae in the axial load 
machine was controlled and visually confirmed to rule out loosening. 
The analysis of the CT scans revealed that no damage to the bone was 
caused by the fatigue tests, in both the defect (Fig. 5) and intact cases. No 
difference in the defect diameter values before and after fatigue tests 
was observed. However, after load-to-failure tests a fracture occurred 
close to the defect for all defected specimens (Fig. 6) probably 
explaining a stress concentration effect, and at the distal extremity of the 
tibia for all the intact specimens, indicating compressive overload in the 
structurally weakest region.

3.2. Fatigue tests

The results from the fatigue testing are summarized in Fig. 7, 
showing the mean displacement and standard deviation interval trends 
at maximum compression load for both intact and defect groups over 
40,000 cycles relative to the initial cycle. For both groups, the 
displacement decreased at a higher gradient during the initial cycles of 

Fig. 2. Clamped tibia for fatigue tests at axial load machine (Dyna-Mess 2.5 
kN). The compressive load was applied by a pneumatic actuator on the top of 
the specimen.

Fig. 3. Fatigue loading protocol used to simulate the load acting on the tibia 
due to the weight bearing of a minipig. A total of 40,000 cycles were performed 
at a frequency of 1 Hz.

Fig. 4. Clamped tibia for load-to-failure test at axial load machine (Zwick-Roell 
10 kN).
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the test and continued to decrease throughout the observed cycle range, 
but at a diminishing rate. In comparison, the defect group displays a 
higher reduction in the mean value than the intact group. However, a 
higher standard deviation shown as shaded areas around the mean 
curves, illustrates variability with a wider dispersion in the defect group 
values, probably explaining a non-statistical difference between the 
groups. The possible statistical difference was checked with the Stu-
dent’s t-test between the groups for the final cycle providing a non- 
significant p-value (p > 0.05).

3.3. Load to failure

The values of the maximum compressive force to failure of both test 
groups are shown in Table 1. The maximum compressive force to failure 
was statistically lower in the defect specimens (6566 ± 1653 N) 
compared to the intact specimens (8708 ± 202 N, p = 0.014) as shown 
in Fig. 8. The defected tibia had a reduction in ultimate resistance to 
compressive forces of 24, 7 % on average.

4. Discussion

The minipig is a suitable animal model for testing failure properties 

Fig. 5. The CT scans after the fatigue test showed an intact bone, without any sign of deformation of the critical-size defect (A: coronal plane, B: sagittal plane).

Fig. 6. CT scan after the load-to-failure test in a specimen with the defect. The fracture runs through the defect. (A: coronal plane, B: sagittal plane).

Fig. 7. Mean displacement [mm] of the tested group at maximum compression 
load over cycles. The standard deviation (std) interval is shown in the format of 
color area.
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of the metaphyseal tibial bone because the bone structure of minipigs is 
similar to humans in terms of anatomy, morphology, remodeling rate, 
and comparable bone mineral density (Reichert et al., 2009). Minipigs 
exhibit nearly the same osseous-reparative capacities as humans, with a 
bone regeneration rate of 1.2 – 1.5 mm/day, and were therefore chosen 
as experimental species (Schlegel et al., 2003). Moreover, its’ long 
tubular bone structure represents an ideally large animal for evaluating 
the regenerative capacity of scaffolds, cells, and growth factors as well as 
a subsequent ex vivo validation of osseous stability (Furst et al., 2003). 
The interindividual variations in the bone quality of the minipigs in this 
study are relatively small, because age, breed, relation, and the resulting 
muscle mass are comparable due to the same housing conditions. In our 
study, we focused on compression analysis with fatigue tests and load- 
to-failure test to evaluate the failure properties of the critical-size 
defect under compression within the loading axis. The fatigue tests 
were performed using a physiological and validated cyclic loading 
protocol similarly performed as described before by Weninger et al. 
(2009) and Tschegg et al. (2008). Cyclic loads were used, because they 
are the most direct analog to periodic stresses and strains varying in both 
intensity and type seen in physiological daily activities (Singhal et al., 
2011; Tschegg et al., 2008). To focus on the axial stress on the meta-
physeal defect, the loading was performed without the femoral 
component. The maximum load of 700 N simulated the forces during 
walking with a body weight of 87 kg to 130 kg (Neptune et al., 2001). 
After cyclic loads in the fatigue test, no visible or microdamage could be 
detected with CT scans in either intact or defected specimens. No al-
terations in defect diameter were observed. This effect suggests that 
there is sufficient fatigue strength for this critical size defect. The load- 
to-failure test for measuring the stiffness of a specimen is evaluated in 
several previous studies (Ali et al., 2006; Tschegg et al., 2008; Weninger 
et al., 2009; Zeng et al., 2011). The maximum compressive force to 

failure in our critical size defect was statistically higher in the intact 
specimens compared with defect specimens as shown in Fig. 8 (intact 
group: 8,708 ± 202 N, defect group 6,566 ± 1,653 N, p = 0.014). This 
means that peak loads have a higher probability of causing a fracture in 
our metaphyseal critical-size defect than in the intact ones. Repeated 
cyclic loading causing fatigue of the trabecular and cortical bone does 
not show macroscopic deformation or fracture of the critical-size defect 
and accordingly allows sufficient follow-up of future bone substitute 
analysis.

Uniaxial loading was chosen because previous studies concerning 
anatomical characteristics together with dynamics during gait of a 
quadruped’s knee joint provide evidence for predominantly axial 
loading of the metaphyseal proximal tibia, as well as in humans (Kutzner 
et al., 2010; Taylor et al., 2011). Multiaxial, three-point, or four-point 
bending load or torsional load experiments were not applied because 
the study did not aim to mimic the natural forces of the knee joint. 
Therefore we cannot conclude that the failure mode can directly be 
transferred to other loading conditions. Applied load and cycles to 
failure showed comparably good correlations within the intact and 
defect group which indicates that damage occurs in a reproducible 
manner.

From the mechanical point of view, the location of the tibial failure 
for defected specimens is consistent with the effect of the stress con-
centration generated by the presence of a hole in the tibial structure, as 
shown in fracture mechanics theory, and more recently to more complex 
cases, by the computational use of Finite Element Method (Pilkey, 1997; 
Rebora and Vernassa, 2020). By the statistical analysis, we can verify a 
significant reduction of the maximum compression force for the defect 
specimens, as shown in Fig. 8. In daily activities, the body is subjected to 
cyclic loads that may generate microcracks of the surrounding trabec-
ular bone structure, leading to bone fragility (Dendorfer et al., 2008; 
Norman et al., 1998; Wang et al., 2007). The influences of structural 
anisotropy on fatigue induced microcracks of the trabecular bone were 
not investigated in this study. The trends shown in Fig. 7 present an 
initial decrease in mean displacement, followed by a continuous 
decrease at a smaller rate, indicating a continuous adaptation to the 
loading conditions. This is indicative of defects acting as stress con-
centrators, thereby exacerbating the material’s response to cyclic 
loading (Loundagin et al., 2021). However, the fact that the intact 
specimens withstood the fatigue protocol without observed damage by 
CT scan analysis means that possibly accumulated damage at the 
microscopic level did not exceed the local yield strain causing plastic 
deformation of the critical-size defect (Pattin et al., 1996). The observed 
trends align with established theories on fatigue behavior, where initial 
microstructural accommodation leads to a period of relative stability 
before eventual material degradation (Schaffler et al., 1990). This 
apparent stability could suggest a possible approach for scaffold or 
regrowth/healing studies.

A limitation of this study is that it does not analyze the local stresses 
and strain distributions to investigate possible relationships between 
loading and fracture. To the best of our knowledge, accumulated non- 
visible degradation in addition to geometrical brittleness caused by 
the hole may be responsible for the statistically significant reduction in 
compression strength of the group with defected specimens. Studying 
the failure properties of trabecular bone directed by the strain along the 
loading direction in this critical-size defect model supports future 
investigation of mechanisms of deformation in applied bone substitute 
materials in terms of stiffness, strength, and density (Dendorfer et al., 
2009; Gibson, 1985; Niebur et al., 2002).

5. Conclusions

The present study aimed to validate the failure properties of our 
critical-size defect in the metaphyseal proximal tibia of the minipig for 
future comparisons of bone substitute materials in a subsequent ex vivo 
setting. It could be elucidated that in terms of cyclic uniaxial fatigue 

Table 1 
Maximum compressive force obtained during load-to-failure tests.

Specimen Maximum compressive force (N)

Intact Defect

1 8837 6533
2 8885 7467
3 8437 8004
4 8672 4260

Average 8708 6566

Fig. 8. Mean of the maximum compressive force obtained during load-to- 
failure tests for the intact tibia and defect tibia. Whiskers indicate min and 
max, line indicates the mean. The comparison between both groups was sta-
tistically significant (p = 0.04).
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loading and load-to-failure compression, this critical-size defect pro-
vides an appropriate animal model for future evaluation of bone graft 
substitutes with regard to the comparability of their failure properties.
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