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INTRODUCTION 
In the human knee joint, a number of anatomical structures 
play important roles in guiding motion and providing stability. 
Among them, the anterior (ACL) and posterior (PCL) cruciate 
ligaments, the medial (MCL) and lateral (LCL) collateral 
ligaments guide and stabilize the joint throughout the knee 
flexion arc [1], whereas the patellar tendon (PT) is an essential 
part of the extensor apparatus, being the place of convergence 
of the several portions of the quadriceps muscle. 
 
The literature reporting reliable anatomical-based fibre 
mapping and relevant patterns of slackening/tightening during 
knee flexion is still limited. Particularly, anatomical-based 
mapping is essential for the identification of ligament sub-
bundles and relevant specific functions, but not always 
analysed with the necessary care. Furthermore, some 
methodologies did not allow the acquisition of natural and 
continuous movements in a large range of knee positions 
and/or with a good accuracy. Ultimately, the use of partial 
lower limbs, i.e. without all anatomical landmarks used for the 
definition of relevant anatomical reference frames, or small 
population size hindered further data comparison and 
comprehension. Among possible measuring devices, current 
knee navigation systems, used for prosthesis component 
positioning in total knee arthroplasty, enable direct digitization 
of bony landmarks and other surfaces. These systems therefore 
make possible, with a good accuracy, the anatomical-based 
tracking of bony segments together with of the relevant origin 
and insertion areas for ligaments and tendons. 
 
The aim of this study was to assess in-vitro, on whole lower 
limbs specimens, three-dimensional deformation and 
orientation of a number of fibres for the main soft tissues of 
the knee joint, with the final scope of a thorough description 
of the relevant patterns of slackening and tightening via a 
careful anatomical-based fibre mapping. 
 
 
METHODS 
Ten fresh frozen amputated lower limbs with the knee free 
from anatomical defects, and intact joint capsule, ligaments 
and quadriceps tendon were analyzed using a knee surgical 
navigation system (Stryker®-Leibinger, Freiburg im Breisgau, 
Germany) with 0.5°/0.5mm accuracy. Clusters with active 
markers were pinned onto the femur and tibia. An additional 
lighter cluster was fixed onto patellar anterior aspect by metal 
screws. A handy pointer was used for system control and 
landmark digitations. Anatomical reference frame definitions 
and articular conventions were according to standard 
recommendations [2,3]. Series of 5 trials of manually driven 
knee flexions in a 0°-140° arc were recorded, under a 100 N 
load applied at the quadriceps femoris central tendon [4]. 

For ligament fibre recruitment analysis, the following bone-to-
fibre attachments of sub-bundles were identified and digitized 
[5]: the antero-medial (AM) and postero-lateral (PL) in ACL, 
the antero-lateral (AL) and postero-medial (PM) in PCL, the 
anterior (AB) and posterior (PB) in MCL and LCL. Point 
strips were also collected along the most medial, central and 
lateral fibres of the PT, and the most anterior and posterior 
fibres of AB. Proximal and distal attachment centroids and the 
extremities of point strips were assumed as fibre origins and 
insertions, whose distance change, i.e. the fibre deformation 
representative for fibre tightening, was calculated during knee 
flexion and reported in % of the corresponding maximum fibre 
length (Lmax). Attachment location of the most isometric 
ligament fibre (ISO) was also investigated. Fibre orientation 
was calculated in tibial frontal and sagittal planes with respect 
to the proximo-distal axis. Standard deviation and mean values 
were calculated for fibre deformation and orientation at each 
degree of flexion. 
 
 
RESULTS AND DISCUSSION 
Repeatable patterns of fibre deformation versus flexion were 
observed within specimen, with standard deviation over trials 
being less than 0.7 mm for all ligaments. Over specimens, this 
becomes less then 18% of the corresponding Lmax. 

Figure 1: ACL fibres deformation versus flexion. Boxes 
identify the lower, median, upper quartile values; whisker 
lines show the data extent; outliers are indicated by crosses. 
 
In ACL (Figure 1), AM and PL sub-bundles are tight in full 
extension, and an average of 19.2 and 30.1 %Lmax slackening 
occurs, respectively, during flexion. The difference between 
AM and PL fibre orientation range in the frontal (34.0° and 
23.1°, respectively, Figure 2) and sagittal (37.0° and 11.0°, 
respectively; Figure 3) tibial planes reveals that the two sub-
bundles intertwine with each other. ACL ISO was found 
within AM, with orientation pattern similar to that of AM. 

ACL-PL 

ACL-AM 

ACL-ISO 

KNEE FLEXION [deg] 

ULB
Stamp



 Figure 2: ACL fibres orientation in the tibial frontal plane 
(+=lateral bending). Graphical representation as in Figure 1. 

Figure 3: ACL fibres orientation of the tibial sagittal plane 
(+=anterior bending). Graphical representation as in Figure 1. 
 
In PCL, AL and PM slacken from full extension up to 20° 
flexion; afterwards, a 25.7 and 9.0 %Lmax tightening occurs, 
respectively up to full flexion (Figure 4). The difference 
between AL and PM sub-bundles orientation range (26.0° and 
10.3°, and 42.5° and 48° on tibial frontal and sagittal planes, 
respectively) reveals that they intertwine with each other, even 
though less markedly as in ACL. PCL ISO was found within 
PM, with orientation patterns similar to that of PM. 
 
In MCL, AB, PB and the most posterior AB fibre are tight in 
full extension; a 10.1, 26.0 and 18.1 %Lmax slackening 
occurs, respectively, during flexion (Figure 4). ISO was found 
in AB, very close to the most anterior fibre. On average, the 
orientation range is 5.0° and 12.5° on tibial frontal and sagittal 
planes for all fibres. In LCL, all fibres slacken of about 20.2 
%Lmax during flexion (Figure 4). Their orientation range is 
15.0° and 20.3° on tibial frontal and sagittal planes, 
respectively. The calculated ISO has no anatomical 
significance.  
 
In PT, a 3.5 %Lmax fibre tightening occurs, on average, in the 
initial 40°-50° of flexion (Figure 4).  Fibre orientation range is 

24.5° and 33.2° on tibial frontal and sagittal planes, 
respectively. ISO was found in PT central-medial portion. 

Figure 4: Mean values of PCL, PT, MCL and LCL fibre 
deformation versus flexion. 
 
 
CONCLUSIONS 
Surgical navigation techniques enabled reliable tracking of 
soft tissue attachments with high resolution, i.e. from large 
clouds of points, for a best possible representation of fibre 
sub-bundles. A relevant careful mapping was performed for 
the representation of fibre recruitment throughout the passive 
flexion arc, also for the identification of isometric fibres. 
Thorough information about fibre deformation and orientation 
was provided in consistent anatomical-based reference frames 
as supported by the availability of whole lower limbs. 
 
This study was aimed at contributing to the much 
controversial knowledge on soft tissue fibre behaviour in the 
normal knee over the flexion range. The data here reported 
offer a useful reference for novel knee joint models. 
Furthermore, these data can be used in computer-aided 
surgery, i.e. in navigated procedures for total knee 
replacement or ligament reconstruction, for the intra-operative 
identification of abnormal fibre tensioning, and, in case, for 
appropriate surgical adjustments. Complete re-establishment 
of natural ligament behaviour is in fact fundamental for 
restoration of normal knee function. 
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