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Abstract

Background.
The posterolateral complex (PLC), which consists of the popliteus tendon (PT), lateral collateral ligament
(LCL), and popliteo�bular ligament (PFL), is an indispensable structure of the knee joint. The aim of this
study was to explore the functionality of the PLC by determining the speci�c role of each component in
maintaining posterolateral knee stability.

Methods.
A �nite element (FE) model was generated based on previous material property data and magnetic
resonance imaging of a volunteer’s knee joint. The injury order of the PLC was set as LCL, PFL, and PT. A
134 N anterior load was applied to the tibia to investigate tibial displacement (TD). Tibial external
rotation (TER) and tibial varus angulation (TVA) were measured under bending motions of 5 and 10 Nm.
The instantaneous axis of rotation (IAR) of the knee joint under different rotation motions was also
recorded.

Results.
The TD of the intact knee under a 134 N anterior load matched the values determined in previous studies.
Our model showed consistent increases in TD, TVA, and TER after sequential damage of the PLC. In
addition, sequential disruption caused the IAR to shift superiorly and laterally during varus rotation, and
medially and anteriorly during external rotation. In the dynamic damage of the PLC, LCL injury had the
largest effect on TD, TVA, TER, and IAR.

Conclusions.
Sequential injury of the PLC caused considerable loss of stability of the knee joint according to an FE
model. The most signi�cant structure of the PLC was the LCL.

Introduction
The posterolateral complex (PLC), also referred to as the posterolateral corner or posterolateral structure,
plays an indispensable role in maintaining the stability of the knee joint. Previous research showed that
the PLC comprises several ligaments and tendons, with the main structures being the popliteus tendon
(PT), popliteo�bular ligament (PFL), and lateral collateral ligament (LCL)1–3. Although PLC damage may
be isolated, such as injury to a cruciate ligament or tibial plateau fracture, PLC failure is an area of
increasing research interest. However, identifying PLC damage is often clinically challenging and mostly
based on indirect measures, including clinical tests such as the passive external rotational and
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posterolateral drawer tests4. Impingement fractures of the anteromedial tibial margin can be seen on
radiography and their detection can facilitate the diagnosis of PLC injury5. Magnetic resonance imaging
(MRI) has been used to accurately identify PLC injury and reveal many of its features, thus allowing better
surgical planning6–8. Failure to diagnose PLC injury promptly or directly may lead to chronic joint pain,
cartilage degeneration, or failure of cruciate ligament reconstruction. PLC reconstruction to restore the
stability of the posterolateral knee joint after PLC failure has been proposed based on clinical experience.
Previous studies have shown that patients undergoing reconstruction of PLC structures achieve good
functional outcomes.

The structure of the PLC has been examined in cadaver studies, which identi�ed main structures in this
area: the LCL, PFL, and PT9,10. Other cadaver studies investigated knee joint stability by measuring tibial
displacement (TD) in the anterior direction, tibial external rotation (TER), and tibial varus angulation
(TVA)11–15. Finite element (FE) models have been extensively used to evaluate trauma leading to
structural failure. The advantages of FE models over cadaver studies include their repeatability and
convenience. However, while instability of the knee joint after PLC failure has been determined in cadaver
studies, sequential damage of the PLC has been investigated in only a few FE models. In addition, the
instantaneous axis of rotation (IAR), examined by sequentially cutting the LCL, PFL, and PT, has not been
used to evaluate posterolateral knee stability. Thus, the aim of this study was to establish a FE model in
which the PLC was sequentially damaged, to evaluate its biomechanical role in maintaining the stability
of the knee joint, as assessed based on TD, TER, TVA, and the IAR.

Materials And Methods
The study was approved by our Institutional Research Ethics Committee (A�liated Jinhua Hospital,
Zhejiang University School of Medicine, People’s Republic of China; approval no. 2021-099-001). Knee
measurements were made in a male volunteer (age: 28 years, height: 175 cm, weight: 67 kg) with no
previous history of osteoarthritis or fracture. He provided informed consent after being informed about
the research. Magnetic resonance imaging scans of his knee were obtained in our radiology department
and used to construct a three-dimensional knee joint FE model. Mimics software (version 20.0) was used
to manage the magnetic resonance scan data and obtain a simpli�ed model of the knee joint. The data
were then imported into Geomagic software (2012) to construct a solid skeletal model, and SolidWorks
software (2015) was used to add meniscus and articular cartilage to the model. Ligaments and tendons
were then added using ANSYS software (version 18.0). The latter software was also used to assess the
�nal model of sequential PLC damage.

Material Properties
The knee is composed of bony structures (femur, tibia, �bula, and patella), articular cartilage, menisci,
ligaments (anterior cruciate ligament, posterior cruciate ligament, medial collateral ligament, LCL, and
PFL), and tendons (quadriceps tendon, patellar tendon, and PT). Table 1 lists the materials used in our
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modeled knee16–19. Bones, articular cartilage, menisci, ligaments, and tendons were modeled to behave
as elastic materials. Cortical and cancellous bone was modeled as tetrahedral block-structured meshes.
Menisci, articular cartilage, ligaments, and tendons were constructed from hexahedral block-structured
meshes. The bony structures, articular cartilage, menisci, ligaments, and tendons were then integrated as
174,265 nodes and 571,228 solid elements.

Table 1
The material properties of the �nite element model*

Component name Young’s modulus (MPa) Poisson’s ratio

Cortical bone

Cancellous bone

Articular cartilage

Meniscus

Patellar tendon

Quadriceps tendon

Anterior cruciate ligament

Posterior cruciate ligament

Medial collateral ligament

Lateral collateral ligament

Popliteo�bular ligament

Popliteus tendon

17000 0.3

400 0.3

13 0.4

35 0.3

336 0.4

370 0.4

123 0.4

168 0.4

224 0.4

280 0.4

131 0.4

25 0.4

* MPa = megapascal

Boundary and loading conditions
In the biomechanical evaluation, the freedom of movement of the proximal surfaces of the femur and
quadriceps tendon, and of the distal surface of the PT, was completely restricted. The external periphery
and two horns of the menisci were de�ned as attached to the tibial plateau. As in a previous study, the
friction coe�cient between the menisci and articular cartilages was 0.0220. For the interaction of the
articular cartilages between the patellofemoral and tibiofemoral joints, the friction coe�cient was set to
0.0220. By contrast, the upper tibio�bular joint was de�ned as bound. The proximal and distal ends of
ligaments and tendons, except for the proximal end of the quadriceps tendon and distal end of the PT,
were bonded to bone. For validation analysis, an anterior load of 134 N was applied to the tibia to allow
comparison between the TD determined in this study and those reported in previous research. In the
biomechanical test, pure bending motions of 5 and 10 Nm were applied at the tibia to evaluate external
rotation and varus angulation.
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Data analysis
To mimic sequential reduction of the PLC, structural failure was simulated in the following order: LCL,
PFL, and PT. According to published studies, TD was de�ned according to the distance of anterior motion
by the tibia, while IAR was de�ned as the intersection between the perpendicular bisectors of the
translation vectors of two peripheral points of the tibial plateau. TER and TVA were de�ned according to
the degree of rotation of the IAR relative to the angle achieved under bending motion.

Results

Analysis of TD

Analysis of the intact model
Figure 2 shows the TD of the intact knee under a 134 N anterior load, as determined in the current and
previous studies. Peña et al.11 built a FE model to evaluate the ligaments in the healthy human knee joint,
and determined that the TD under an anterior load of 134 N was 4.75 mm. In the cadaver experiments
conducted by Gabriel et al.12, the TD under an anterior load of 134 N was 4.00 mm. In the current study,
the mean TD was 4.64 mm, and therefore in good agreement with those studies13.

Analysis of models with PLC failure
The changes in TD under a 134 N anterior load and various structural disruptions of the PLC are shown in
Figure 3. TD ranged from 5.25 to 5.96 mm when the PLC was sequentially cut. PLC disruption resulted in
slight increases in TD, with LCL failure having the largest in�uence (increase of TD = 0.61 mm), followed
by the PT (0.43 mm) and PFL (0.28 mm).

Analysis of TVA
The changes in TVA under pure bending motions of 5 and 10 Nm during sequential disruption of the PLC
are shown in Figure 4. Under 5 Nm varus motion, the mean TVA was 4.21° in the intact model, 6.83° when
the LCL was cut, 7.29° when the PFL was cut, and 9.29° when the PT was cut. Under 10 Nm varus motion,
the mean TVA was 8.09°, 12.04°, 14.13°, and 17.03°, respectively. The difference between groups was
signi�cant (p < 0.05). Figure 4 also shows that the LCL had the most signi�cant in�uence on TVA, under
bending motions of both 5 and 10 Nm. Failures of the PFL and PT had less impact on TVA.

Analysis of TER
The changes in TER under pure bending motions of 5 and 10 Nm during sequential disruption of the PLC
are shown in Figure 5. The mean TER in the intact model was 3.07° at a bending motion of 5 Nm and
6.54° at a bending motion of 10 Nm. Slight increases in the TER were observed under a 5 Nm bending
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motion and LCL, PFL, and PT failure, of 1.07°, 0.69°, and 0.45°, respectively. Under 10 Nm bending
motion, the corresponding increases of TER values were 2.12°, 1.03°, and 0.52°. The differences between
the groups were signi�cant (p < 0.05). LCL damage had a larger effect on TER than either PFL or PT
damage, under both 5 and 10 Nm bending motions.

Analysis of the IAR

IAR in the varus rotation model
As shown in Figure 6, the IAR gradually approached the lateral femoral condyle under both 5 and 10 Nm
varus rotation. Under 5 Nm varus rotation, sequential reduction of the structures of the PLC caused the
IAR to shift superiorly and laterally, whereas under 10 Nm bending motion the shift was slightly lateral.
Cutting the LCL caused a shift in the IAR of 5.21 mm under 5 Nm bending motion, and 4.93 mm under 10
Nm bending motion. Cutting the PFL and PT caused only a slight shift in the position of the IAR.

IAR in the external rotation model
As shown in Figure 7, the position of the IAR shifted medially and anteriorly after the ligaments and
tendons had been reduced during external rotation under a 5 Nm bending motion. A slightly lateral shift in
the trajectory of IAR was observed when the bending motion was increased to 10 Nm. LCL failure resulted
in displacement of the IAR by 3.00 mm under 5 Nm bending motion, and 3.02 mm under 10 Nm bending
motion. Thus, under both 5 and 10 Nm external rotation, the simulated LCL failure caused the largest
shift in the IAR.

Discussion
The knee is one of the most complicated joints in the human body. Its three-dimensional movements
include rotation and shift of the tibia and rolling of the femoral condyle. The surrounding ligaments and
tendons stabilize the knee joint both in the static and dynamic state. The PLC consists of three layers of
soft tissue. Failure of this complex can lead to external and varus instabilities of the knee. Previous
anatomical and experimental studies demonstrated that the LCL, PFL, and PT play signi�cant roles in
maintaining the stability of the posterolateral knee. However, tra�c accidents and sports injuries have
gradually increased in frequency in daily life, as have injuries to the ligaments and tendons of the knee.
PLC failure is primarily associated with high-energy trauma to the knee, which in most cases causes tibial
plateau fracture or cruciate ligament injury. Tomás-Hernández et al.21 reported a case series of large
anteromedial tibial plateau fractures with PLC injury. Delee et al.22 reported 12 cases of acute isolated
posterolateral instability of the knee among 735 knee ligament injuries.

The clinical diagnosis of PLC injury of the knee can be di�cult. Fanelli et al.23 described three types of
posterolateral instability, to help clinicians recognize PLC injury. Another study found that posterolateral
pain of the knee can indicate PLC failure24. In a patient with a potential acute PLC injury, physical
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examination that includes the Lachman test should be performed25. Alternative diagnostic measures
have also been proposed. Pritsch et al.26 measured the TER in 14 fresh cadaver knees before and after
transection of the medial collateral ligament. Based on their �ndings, the authors recommended the
valgus stress test to aid diagnosis of posterolateral instability of the knee. For the evaluation of PLC
injury, MRI has a clear advantage over X-ray and computed tomography, given its ability to image soft
tissues. LaPrade et al.7 used MRI for assessment of the PLC in 20 patients and concluded that it could
accurately identify PLC injury. Ross et al.6 found that MRI reliably depicted the extent of PLC injury
preoperatively, based on observations of �ve complete PLC injuries and one partial tear.

Cadaver experiments have been widely used to investigate the biomechanics of the PLC. LaPrade et al.27

assessed six fresh-frozen cadaver knees and determined that, under external rotation loads, the force on
the LCL was higher than that on the PFL or PT. Due to its repeatability, biomechanical FE analysis has
been applied in studies of the function and stability of the knee joint under various loads. Kang et al.14

used the FE method to establish a musculoskeletal model and found that the forces acting on the
anterior and posterior cruciate ligaments after PLC de�ciency gradually increased.

In our FE model, several physical parameters (TD, TVA, TER, IAR) were measured during stepwise
disruption of the PLC, to evaluate the stability of the knee joint under different failure conditions. For
comparability with previous research, the order of PLC injury was LCL, PFL, and PT, and a 134 N anterior
load was applied to the tibia. During sequential cutting of the PLC, the TD gradually increased, with the
most signi�cant shift occurring when the LCL was cut (p < 0.05). This demonstrated the greater
importance of the LCL than PFL and PT for maintaining anterior stability of the posterolateral knee.

Both the TVA and TER are crucial parameters in analyses of knee joint stability. In our study, pure bending
motions of 5 and 10 Nm were applied to the tibia to achieve varus and external rotation during sequential
cutting of the PLC. Regarding varus angulation, the intact TVA was 4.21° under 5 Nm bending motion and
8.09° under 10 Nm bending motion. The TVA increased 2.62°, 0.46°, and 2.00° during 5 Nm bending
motion with disruption of the LCL, PFL, and PT, respectively. During 10 Nm bending motion, the TVA
increased 3.95°, 2,09°, and 2.90°, respectively. These results showed that, under 5 and 10 Nm bending
motion, the increase in TVA was largest when the LCL was cut (p < 0.05). The TER increased 1.07° with
LCL disruption, 0.66° with PFL disruption, and 0.45° with PT disruption under 5 Nm bending motion, and
2.12°, 1.03°, and 0.52°, respectively, under 10 Nm bending motion. Again, LCL disruption caused the most
signi�cant change (p < 0.05). The data also showed that the increase in TVA was larger during PFL than
PT failure, under both 5 and 10 Nm rotation. The opposite was true with respect to TER.

The location of the IAR has been used in analyses of segmental instability28, but not in a FE model of
PLC injury. In varus rotation, the IAR shifted laterally and superiorly, towards the lateral femoral condyle,
after PLC failure. Under 5 Nm bending motion, the IAR shifted 5.21 mm with LCL failure, 3.02 mm with
PCL failure, and 1.25 mm with PT failure. Under 10 Nm bending motion, the IAR shifted 4.93, 4.62, and
1.82 mm, respectively. In external rotation, the IAR during PLC sequential injury moved anteriorly and
medially. Under 5 Nm bending motion, the IAR shifted 3.00 mm after LCL disruption, 2.21 mm after PFL
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disruption, and 0.65 mm after PT disruption. Under 10 Nm bending motion, the IAR shift was 3.02, 1.06,
and 1.87 mm, respectively. Thus, both in varus and in external rotation, the largest shift in IAR occurred
when the LCL was cut (p < 0.05). Displacement of the IAR was larger after PFL than PT disruption, except
during 10 Nm external rotation.

The changes in TD, TVA, TER, and IAR determined in our study demonstrated the importance of the PLC in
terms of both the stability of the posterolateral knee and consequences of dynamic injury. Within the PLC,
the LCL played the largest role in maintaining stability. However, PLC injury is usually incidental to
cruciate ligament failure or tibial plateau fracture. Thus, our results may have been in�uenced by the fact
that our FE model did not include either a cut cruciate ligament or tibial plateau fracture.

Conclusion
In our FE model, the TD became longer with sequential disruption of the PLC under a 134 N anterior load,
with LCL disruption causing the greatest shift. Under both 5 and 10 Nm pure bending motion, the TVA and
TER shifted in response to sequential damage of the PLC. The largest change occurred when the LCL was
cut. However, while the IAR location changed when the PFL and PT were cut, a much larger shift occurred
when the LCL was cut. The changes in TD, TVA, TER, and IAR during sequential damage of the PLC
illustrate the importance of this complex structure for maintaining the stability of the knee, with the LCL
being the most important structural component.

Abbreviations
PLC: posterolateral complex; LCL: lateral collateral ligament; PFL: popliteo�bular ligament; PT: popliteus
tendon; FE: �nite element; TD: tibial displacement; TER: tibial external rotation; TVA: tibial varus
angulation; IAR instantaneous axis of rotation
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Figure 1

Finite element model of the knee joint.

Figure 2

Predicted tibial displacement (TD) under 134 N anterior tibial load: comparison of our results with those
of published studies. 
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Figure 3

The mean TD under 134 N anterior tibial load during sequential cutting of the posterolateral complex
(PLC), as follows: LCL, PFL, and PFL. TD, tibial displacement; w/o, without; LCL, lateral collateral ligament;
PFL, popliteo�bular ligament; PT, popliteus tendon.
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Figure 4

The mean TVA under 5 and 10 Nm of pure motion during sequential cutting, as follows: LCL, PFL, and PT.
TVA, tibial varus angulation; w/o, without; LCL, lateral collateral ligament; PFL, popliteo�bular ligament;
PT, popliteus tendon.
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Figure 5

The mean TER under 5 and 10 Nm of pure motion during sequential cutting, as follows: LCL, PFL, and PT.
TER, tibial external rotation; w/o, without; LCL, lateral collateral ligament; PFL, popliteo�bular ligament;
PT, popliteus tendon.
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Figure 6

Trajectory of the IAR under 5 and 10 Nm bending motion (varus rotation) during sequential cutting, as
follows: LCL, PFL, and PT. IAR, instantaneous axis of rotation; +, values for the interior and superior
directions; −, values for the exterior and inferior directions. Values for the coordinate system are in
millimeters.
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Figure 7

Trajectory of the IAR under 5 and 10 Nm bending motion (external rotation) during sequential cutting, as
follows: LCL, PFL, and PT. IAR, instantaneous axis of rotation; +, values for the interior and posterior
directions; −, values for the exterior and anterior directions. Values for the coordinate system are in
millimeters.


