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Abstract
The tearing of ligaments during sports activities is one of the most common injuries players sustain. Of these ligament tears, the Anterior Cruciate Ligament (ACL) 
is one of the most prevalent. Although the anteromedial (AM) and posterolateral (PL) bundles of the ACL have been well described, biomechanics research focuses 
primarily on the strength of the ligament under tension forces. And yet, post-reconstruction tears remain prevalent. To date, no one has captured the tearing of the 
ACL using high-speed video. We hypothesize that high-speed filming of an artificially induced tear of the human and porcine ACL will reveal the organization of 
the ligament fibers and provide insight on the ligament’s structural organization and integrity. We filmed scalpel-induced tears of three human and three porcine 
ACL’s using a high-speed (6000 fps) camera. With the femur fixed securely on a table surface, and the tibia hanging over the edge, resulting in a flexed knee joint 
at 90 degrees, a 2.2 kg weight was attached to the tibia in order to induce tension on the ACL.  The ACL was then cut anteriorly to a depth of approximately 1-3 
mm with a scalpel, while a high-speed video camera recorded the unraveling of the anteromedial (AM) and posterolateral (PL) bundle fibers. At the initiation of the 
human ACL tears, there was a consistent, subtle release of tension visible as a ripple in the most anterior fibers of the AM bundle.  Furthermore, the tear pattern 
revealed that the PL bundle acts as a posterior post, with the AM bundle wrapping tightly around it. In contrast, the porcine bundles were arranged distinctly from 
one another, with a noticeable, but slight gap of 1-2 mm: Unlike the human ACL, the porcine ACL bundles tore independently. High-speed video of artificially 
induced ACL tears reveals a distinct difference in the structural arrangement of the AM and PL bundles between human and porcine samples. The independent 
tearing of the porcine AM and PL bundles suggests that human ACL reconstruction integrity could benefit from a similar two-bundle arrangement. High-speed 
video of artificially torn human and porcine ACL’s reveal an important difference in the geometric arrangement of the two bundles between the two species: Namely, 
human ACL bundles are tightly wound, but porcine ACL bundles are arranged as seemingly separate ligaments that tear independently.  The video footage suggests 
that human ACL reconstruction may benefit from a distinct two-bundle geometry.
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Introduction
The tearing of the Anterior Cruciate Ligament (ACL) is among one 

of the most common sports injuries. More than 80,000 documented 
cases of ACL tearing occurs with a 15x greater possibility of re-tearing 
after reconstruction [1,2]. The ACL is known to be comprised of two 
fiber bundles, namely the anteromedial (AM) and posterolateral (PL) 
bundles [3,4]. ACL biomechanics research has primarily focused on 
forces on the strength of the ligament. Investigators have shown that 
a 20-degree flexion of the knee and internal (but not external) tibial 
torsion will result in increased strain on the ACL, sufficient to produce 
tensile and shear loads within the ACL that may result in tearing [4-7].

Animal models for the human ACL have included cow, goat, sheep, 
dog and pig [8]. The porcine ACL has routinely been used as an animal 
model of ex vivo tear dynamics. These studies however, have stated that 
although the animal models present valuable similarities to the human 
ACL, they do also present key differences in length, size and structure.  
To date, little has been done to visualize the dynamics of the ligament 
tear itself in either animal models or humans.

The purpose of this project was to visually record artificial grade 3 
ACL tearing in human cadaveric specimens and qualitatively compare 

the dynamics to that of porcine tears.  The focus was on both the AM 
and PL fiber bundles as they unravelled during the event of the tear. 
The unique nature of this project was the use of high-speed video 
footage to capture the ligament as it underwent a tear.  The footage was 
then transferred to a visual platform where a researcher could more 
easily view the unravelling bundles.  This dynamic footage gave us 
greater insight as to the mechanics and structure of the ACL, while in 
motion of a tear, allowing deeper understanding as to the geometrical 
arrangement of human v. porcine fiber bundles.
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Previous studies have primarily set their focus on relative strengths 
and tear dynamics of the AM and PL bundles [4-7]. In this pilot study, 
a greater emphasis was placed on documenting, using high-speed 
filming, the anatomy of the two bundles as they unravelled under 
weighted tension after being cut with a scalpel.  Additionally, it is 
noted that in previous research the porcine ACL was routinely used 
as a substitute model for the Human ACL, while recognizing that it 
contained key differences [8].  However, this study contrasts the 
geometrical arrangement of the AL and PM bundles between species, 
and serves as a platform to suggest, based on the tear dynamics we 
observed, that ACL reconstructive surgery outcomes may improve by 
using grafts that are built akin to the porcine geometry.

Methods
In this IRB exempt study utilizing non-human tissue, we obtained 

three unembalmed opportunity specimen human cadaveric (from 
University of Utah School of Medicine Body Donor program) and 
porcine knees (from Gary’s Meat, Payson, UT; and Circle V Meat 
Co., Spanish Fork, UT), then dissected them to expose the ACL. To 
begin, we made a transverse cut two-thirds down the tibial shaft distally 
to remove the foot and ankle. Next, an extensive dissection of all 
musculature and surrounding connective tissue of the upper and lower 
leg was performed to completely expose the appendicular bones. The 
fibula was then removed from the attachment site of the tibia. Intricate 
dissection of knee tissues was then done to reveal the ACL by removing 
quadriceps tendon, patellar ligament, medial collateral ligament, lateral 
collateral ligament, posterior cruciate ligament, and tibial menisci. A 
45-degree angle cut from anterior superior to posterior inferior was 
then made through the epicondyles of the distal femoral head to better 
reveal the ACL for filming. In order to increase visibility of ligament 
fibers, we used a stain comprised of powdered sugar and blue food 
coloring dye (9) that revealed fine fiber bundle architecture (Figure 1). 
The femur was secured to a horizontal platform with two screws and 
bolts located towards the proximal head of the femur to avoid the bone 
from splitting when screws were placed (Figure 2).

The first human ACL tear was induced with an anterior cut on the 
proximal third of the AM bundle.  The introduction of a cut on the 
AM bundle was not made with the intent to expressly mimic natural 
ACL failure. Rather, it was to manually initiate the tearing of the fiber 
bundles in order to record the ACL failure in a specific time frame 

using video capture.  Additionally, a valgus load was simultaneously 
placed on the knee joint, using manual manipulation, until the ACL 
completely failed.  We cut the second ACL specimen from the medial 
side directly on the PL bundle and again placed a simultaneous valgus 
load until the ligament tore.  To tear the third human ACL, a 9.5 mm 
hole was drilled at the distal end of the tibia, for a metal pin to be 
inserted. Next, we placed a 2.2 kg plate around the tibia above the 9.5 
mm hole previously drilled; then the pin was inserted, with the weight 
resting on the pin. Appropriate lighting was used in a concentrated 
manner to illuminate the ACL architecture during video capture.  With 
the weight in place, the ACL was cut 1-3 mm in depth to induce tearing 
of the fiber bundles.  All three porcine ACL’s were cut in the same 
manner as the third human ACL.

As the tearing took place, the high-speed camera (fastcam v1610, 
Tokyo, Japan) was focused on the ACL and filmed the unravelling 
bundles at a rate of 6,000 frames per second (fps).  After the tear had 
taken place, the footage was then transferred to the computer program 
Phantom Camera Control Application (Tokyo, Japan) whereupon 
the researcher could more effectively view the fiber bundles as they 
unravel.

Results
Human ACL

All three-human model ACL’s failed similarly as a result of the 
scalpel cut, but there were noticeable differences in comparison to 
the porcine model. Human ACL fiber bundles were tightly oriented 
together within the knee and there was not any visible physical 
separation of the AM and PL fiber bundles.  The geometry of the fibers 
(from origin to insertion site) were structured in a cylindrical shape. 
The AM and PL fiber bundles were very similar in lengths and it was 
relatively easy to apply stress on either fiber bundle; flexion of the knee 
applied stress on the AM bundle, while extension applied stress on the 
PL bundle. Video analysis of the tears showed the AM bundle tightly 
wound around the PL bundle (see videos in supplementary material). 
Every video tear showed a small ripple going through the AM fiber 
immediately prior to failure.  The ripple was initiated by a cut to the 
ACL and was viewed immediately before the ligament completely 
failed.  In all three tears, the AM fiber bundle tore in an untwisting 
manner while the PL bundle acted as a post for the AM bundle.  The PL 
fiber bundle then failed in a linear fashion. During the tearing process, 
both bundles tore in unison, one right after the other as if they were 
connected together.

Figure 1. Exposed ACL fibers were stained with a blue dye mixture to reveal fiber bundles. 

 Figure 2. High-speed camera setup to videograph an ACL tear. 
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Porcine ACL
The porcine model displayed key features that differed relative to 

the human ACL model. Failure in the porcine model and the human 
model exposed three key species differences.

First, the porcine ACL was comprised of two fiber bundles that 
were separate from each other by a 1-2 mm gap and the geometry of the 
fibers were oriented in a triangular shape. The gap was apparent when 
the knee was extended as well as in a flexed position. A consequence 
of the bundle separation was that the porcine model ACL occupied 
a larger surface area at the insertion site on the tibia.  Furthermore, 
the human ACL attached onto the tibia in a cylindrical structure, the 
porcine ACL fanned out and attached in a triangular structure.   

In addition to this separation of the two bundles, it was apparent 
that the porcine PL bundle was shorter than the AM bundle. This 
became apparent in every flexed or extended position of the porcine 
model: The PL bundle became significantly more taunt, while the AM 
bundle stayed lax. The knee joint had to be manipulated in a specific 
position in order for the AM bundle to become taut, and even in this 
position, the AM bundle was not as stressed as the PL bundle.  This 
directly affected the tearing dynamics of the two bundles. The AM 
bundle did not fail until the PL fiber bundle first failed, which then 
transferred the tension stress to the AM bundle resulting in its failure.

The final key difference was, due to their separation, that the two 
porcine ACL bundles tore independently of each other.  When the AM 
bundle tear was induced with a cut, it would cease to tear, until the PL 
bundle tore first.  This was because when the knee was in flexion or 
extension, the PL bundle, was the only bundle of the two that was taut 
because it was slightly shorter than the AM bundle.

A comparison of the human and porcine tears is shown in Figure 3.

Significance
Utilizing a high-speed camera to film the unravelling of the AM 

and PL bundles as the ACL failed provided insight into the structural 
morphology of the porcine model and human ACL structure. 
Understanding the intact structure of the human ACL and the 
failure mechanisms of the AM and PL fiber bundles may result in the 
engineering of better artificial or human allografts and in developing 
more effective repair and reconstruction methods. This could reduce or 
eliminate the many postoperative complications that accompany ACL 
reconstruction. Of particular interest in the human AM bundle tears 
was the ripple of a subpopulation of fibers after the tear was induced.  
It is likely that the compressive stress induced by the cut, before it tears 
the fibers, places a subpopulation of fibers under increased tension such 
that after they are cut, they release their energy as a ripple.  However, 
the second human ACL tear was induced on the PL bundle, and yet the 

AM bundle still exhibited a ripple on its anterior fibers when it failed.  
This suggests that the AM bundle may have subpopulations of fibers 
under varying tension. Prior research on the ACL has placed emphasis 
solely on the AM and PL bundles, but not on the subpopulation fibers 
themselves [4-7]. We did not observe a ripple in any other portion 
of the AM bundle or in the PL bundle but future work to make such 
observations may be important to understanding the microstructure 
of the AM bundle.  Furthermore, we did not observe the same 
phenomenon on the porcine AM bundle, but that is likely due to its 
laxity in position of tearing.

The porcine model demonstrated key differences to the human 
model that may provide valuable insight to new methods by which the 
ACL could be reconstructed after it has undergone a tear.   Specifically, 
the separation of the two fiber bundles resulted in the bundles tearing 
independently of each other.  This may lead to increase stability within 
the porcine knee because the bundles are not dependent on the stability 
of the other.  We are not aware of veterinary literature that characterizes 
porcine ACL tears.  Additionally, the AM and PL fiber bundles are 
significantly separated at their insertion points, forming a triangular 
insertion into the tibia. We surmise that this results in stronger porcine 
ACL structure, since the greater surface area of the fiber bundles might 
lead to increased resistance to failure.

A human ACL repair or reconstruction that mimicked the porcine 
model, with two separate fiber bundles fanned out in a triangle 
insertion, may lead to greater knee stability and reduce the risk of re-
tearing the ligament.  More research needs to be done to find support 
for this hypothesis.

Limitations
This project focused on the filming of ACL tearing using a high-

speed camera.  We were able to visualize the unravelling of the ACL 
fiber bundles in both human and porcine models. We recognize that 
tensile and shear forces were not measured; future work will combine 
videography with traditional biomechanics methodologies. The knee 
was placed in a flexed position for convenience of its filming, but we 
acknowledge that 90 degrees of flexion is not typically when the ACL 
tears. We would also like to attempt filming while the knee is extended 
(or at least only slightly flexed).  To do so, we will need to innovate a 
better filming window into the articular space.  Furthermore, we will 
explore twisting the femur and tibia in opposite directions, pulling 
the proximal tibial head anteriorly, and placing a valgus force on the 
knee while in flexion; all stresses that the knee experiences when the 
ACL is torn. These future research efforts will enable a more accurate 
representation of the ACL within the motion of a natural tear without 
the introduction of a cut.
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