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SUMMARY 

The aim of this study is to investigate the mechanical behavior 

and the failure process of rabbit Femur-Anterior Cruciate 

Ligament (ACL)-Tibia Complex (FATC) submitted to 

different loading rates (0.01 mm/s, 0.5 mm/s, 2000 mm/s).For 

both static and dynamic experiments, two cameras have been 

implemented for a multiscale observation of the failure 

processes and validation of the measurement of the 

mechanical response. The analysis of the images allow 

accurate observations about of the observed failure processes 

from fracture of fibrils, bone avulsion or unexpected 

decohesion of epiphyseal cartilage. For dynamic experiments, 

an adapted polymethylmethacrylate (PMMA) Hopkinson bar 

device was used for the measurement of dynamic failure force, 

and subsequently the effect of loading rate on the identified 

value of failure load could be investigated. The concluding 

results are that, submitted to tension, FATC fails through 

ligament breakage at the tibial insertion in a more or less 

brittle way depending on the specimen, and the effect of 

velocity is a modification of the injury mechanism and an 

increase of ultimate load for the two higher elongation rates. 

Regarding experimental procedure, the paper proposes one 

protocol and gives arguments about the value of imaging 

techniques for robustness of the measurements. 

 

INTRODUCTION 

In daily life activities, knee joint ligaments and in particular 

the anterior cruciate ligament (ACL) are commonly injured. 

An accurate knowledge of the ACL behavior could be useful 

for injury repairs, sport preparation and in any case modeling. 

In most cases, rupture occurs at the bone-ligament interface, 

under dynamic loading [1], but the failure process depends on 

the elongation rate. 

The aim of this study is to investigate the mechanical behavior 

of rabbit Femur-Anterior Cruciate Ligament (ACL) -Tibia 

Complex (FATC) under different elongation rates. 

Furthermore, two cameras are used to allow accurate 

observation of the failure processes. 

 

METHODS 

Specimens 

Thirty rabbit FATCs were prepared, tested at room 

temperature and kept moisturized using a saline solution. 

Three different elongation rates were used: quasi-static 

(0.01mm/s), slow rate (0.5mm/s) and dynamic (ca. 2000mm/s) 

with specific devices nonetheless the fixation protocol 

remained the same for the three different tests; bones were 

sawed at mid-shaft and nylon screws were cemented in each 

bone cavity using resin. For all elongation rates, the ligaments 

were tested with a position near to full-extension and a 90°-

torsion. 

 

Static and slow rate experiments: 

All static tests (for 0.01mm/s and 0.5mm/s elongation rates) 

were performed on an Instron 5582 electromechanical 

machine (Instron Ltd.), instrumented with a 500N MTS load 

cell and optical devices for Digital Imaging Correlation (DIC). 

 

Dynamic experiments:  

Split Hopkinson Pressure Bars (SHPB) are a classical 

experimental method used to measure force and velocity 

during an experiment performed on a specimen of material 

submitted to high strain rate. The use of polymer Hopkinson 

bars is also classical when testing soft materials ([2]). In this 

work, since the force to be measured is less than 300 N, a low-

impedance bar in PMMA was selected for the output bar. 

Due to the viscosity of PMMA, viscoelastic correction of the 

waves is ensured ([3]) and measurements given by the output 

bar don’t need to be filtered contrary to usual techniques based 

on force cells. The only limitation to our configuration is the 

length of the output bar. It has been chosen equal to 2 m, 

which limits the time duration of the measurements to 1.8ms 

before superimposition of waves.  

 

Optical devices: 

To follow the complete failure process during testing, imagery 

was used and synchronized with the force measurements. For 

both static and dynamic loadings, two cameras were used: one 

filmed the whole sample to track the deformation of bone or 

slippage at fixation and the second one was focused on the 

tibial insertion site where failure was expected to occur. 

Lighting was obtained by a 3-LED spot that ensures no 

heating of the specimen. For the dynamic tests, two fast 

cameras recording up to 46’500 frames per second were used. 

 

RESULTS AND DISCUSSION 

Analyzed Tests 

Eighteen experiments led to expected failure: 7 for 0.01mm/s 

experiments, 6 for 0.5mm/s experiments and 5 for dynamic 

tests. The 12 other samples could not be analyzed due to 

various experimental problems (failure of the epiphyseal 

cartilage, non-fracture within the validity time-domain of 

dynamic experiments, fracture of bone at fixation, etc.).  

 



Pull-out forces: 

The pull-out forces increased from ca. 70N at 0.01mm/s to ca. 

100N at 0.5mm/s, with a large discrepancy with a failure 

mode either brittle or progressive. For dynamic 

experimentations, pull-out forces ranged from 75N to 220N 

(Figure 1). 

 

 
Figure 1: Failure forces and processes for the three rates. 

 

Fracture processes: 

Pictures taken during tests allowed us to conclude that failure 

always occurred at the tibial insertion site, whatever the 

extension rate (Figure 2). For the static tests, progressive 

failure was associated with fracture of fibrils contrary to brittle 

failure with mostly corresponded to bone avulsion. For the 

dynamic experiments, both failure modes occurred and 

coexisted for two experiments. 

 

a)  

 

b)  
Bone Avulsion        Ligament half failed      Local failure of ligament 

 

Figure 2: Examples of failure process observed at tibial 

insertion site at different velocities: a) Static tests, b) Dynamic 

Tests  

 

Concerning the two ACL bundles, it was observed that the 

anteromedial bundle failed for 70% of cases for static 

experimentations, and for the dynamic tests, the posterolateral 

bundle or both bundles failed in 80% of cases. 

 

The protocol described in this study is based on three 

specificities: the fixing method to test the whole FATC, the 

mixed Hopkinson bars method used for the dynamic 

experiments, and the systematic use of cameras. 

 

The 0° knee flexion was chosen due to the coaxiality of the 

Hopkinson bar even if it corresponds to the worst case 

scenario for the ACL strength in a non-physiological position. 

High-speed cameras were used during dynamic Hopkinson bar 

tests to track the displacement of both bars so that we could 

obtain displacements and subsequent nominal strain from 

optical measurements ([4]): the DIC calculations showed a 

good agreement with Hopkinson bar measurements. 

 

The comparison of results obtained for the two static 

elongation rates denotes a slight increase in mean failure load 

of 20%, relevant with the literature results ([5]). However 

fracture loads present no elongation rate sensitivity 

considering dynamic tests (2000mm/s) and 0.5mm/s tests. 

 

The analysis of pictures allows for the correlation between 

failure mode and the mechanical response of the FATC. For 

example, it was possible to identify for the lower rate 

experiments that the higher the failure load, the more brittle 

the mechanical response. On the contrary, for dynamic 

experiments, a progressive fracture of the ligament can be 

observed and corresponds to successive fracture of bundles. 

 

CONCLUSIONS 

The effect of the loading rate on the mechanical behavior at 

failure of rabbit FATC has been measured. Through the 

analysis of the experimental curves, completed by the analysis 

of pictures taken at two different scales, failure processes were 

accurately observed and related to mechanical performances. 
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