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Abstract

Background: The posterolateral complex (PLC), which consists of the popliteus tendon (PT), lateral collateral liga-
ment (LCL), and popliteofibular 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 specific role of each component in maintaining poste-
rolateral knee stability.

Methods: A finite element (FE) model was generated based on previous material property data and magnetic reso-
nance imaging of a volunteer’s knee joint. The injury order of the PLC was set as LCL, PFL, and PT. A combined com-

pressive load of 1150 N and an anterior tibial load of 134 N 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 combined compressive load of 1150 N and an anterior tibial load of 134 N
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 significant structure of the PLC was the LCL.

angulation, Instantaneous axis of rotation
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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
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being the popliteus tendon (PT), popliteofibular liga-
ment (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 fail-
ure is an area of increasing research interest. However,
identifying PLC damage is often clinically challenging
and mostly based on indirect measures, including clini-
cal tests such as the passive external rotational and pos-
terolateral drawer tests [4]. Impingement fractures of the
anteromedial tibial margin can be seen on radiography
and their detection can facilitate the diagnosis of PLC
injury [5]. Magnetic resonance imaging has been used to
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accurately identify PLC injury and reveal many of its fea-
tures, thus allowing better surgical planning [6-8]. Fail-
ure 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 experi-
ence. Previous studies have shown that patients under-
going reconstruction of PLC structures achieve good
functional outcomes.

The stability of the knee is relatively complex, for the
stability is achieved by several structures. The antero-
lateral ligament and anterior cruciate ligament help to
maintain the anterolateral knee stability [9-11]. But in
the posterolateral part of the knee, the PLC plays a sig-
nificant role in maintaining the stability. The structure
of the PLC has been examined in cadaver studies, which
identified main structures in this area: the LCL, PFL, and
PT [12, 13]. Other cadaver studies investigated knee joint
stability by measuring tibial displacement (TD) in the
anterior direction, tibial external rotation (TER), and tib-
ial varus angulation (TVA) [14—18]. Finite element (FE)
models have been extensively used to evaluate trauma
leading to structural failure. The advantages of FE mod-
els 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 poste-
rolateral 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 maintain-
ing 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 (Affiliated Jinhua Hospital, Zheji-
ang University School of Medicine, People’s Republic
of China; approval no. 2021-099-001). Knee measure-
ments 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 con-
sent after being informed about the research. Magnetic
resonance imaging scans of his full-extension knee were
obtained in our radiology department and used to con-
struct a three-dimensional knee joint FE model. Mimics
software (version 20.0) was used to manage the magnetic
resonance scan data and obtain a simplified model of the
knee joint. The data were then imported into Geomagic
software (2012) to construct a solid skeletal model, and
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Fig. 1 Finite element model of the knee joint

Table 1 The material properties of the finite element model

Component name Young’s modulus Poisson’s ratio

(MPa)
Cortical bone 17,000 03
Cancellous bone 400 03
Articular cartilage 13 04
Meniscus 35 03
Patellar tendon 336 04
Quadriceps tendon 370 04
Anterior cruciate ligament 123 04
Posterior cruciate ligament 168 04
Medial collateral ligament 224 04
Lateral collateral ligament 280 04
Popliteofibular ligament 131 04
Popliteus tendon 25 04

MPa, megapascal

SolidWorks software (2015) was used to add meniscus
and articular cartilage to the model. Ligaments and ten-
dons were then added using ANSYS software (version
18.0). The latter software was also used to assess the final
model of sequential PLC damage.

Material properties

As Fig. 1 shows, the knee is composed of bony struc-
tures (femur, tibia, fibula, 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 modeled
knee [19-22]. Bones, articular cartilage, menisci, liga-
ments, and tendons were modeled to behave as elastic
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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 struc-
tures, articular cartilage, menisci, ligaments, and tendons
were then integrated as 174,265 nodes and 571,228 solid
elements.

Boundary and loading conditions

In the biomechanical evaluation, the freedom of move-
ment of the proximal surfaces of the femur, quadri-
ceps tendon, and of the distal surface of the PT, was
completely restricted. The external periphery and two
horns of the menisci were defined as attached to the
tibial plateau. As in a previous study, the friction coef-
ficient between the menisci and articular cartilages was
0.02 [23]. For the interaction of the articular cartilages
between the patellofemoral and tibiofemoral joints, the
friction coefficient was set to 0.02 [23]. By contrast, the
upper tibiofibular joint was defined as bound. The proxi-
mal 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,
a combined compressive load of 1150 N and an anterior
load of 134 N was applied to the tibia to allow compari-
son between the kinematics determined in this study and
those reported in previous research. In the following bio-
mechanical test, pure bending motions of 5 and 10 Nm
were applied at the tibia to evaluate external rotation and
varus angulation.

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 defined
according to the distance of anterior motion by the tibia,
while IAR was defined as the intersection between the
perpendicular bisectors of the translation vectors of two
peripheral points of the tibial plateau. TER and TVA
were defined according to the degree of rotation of the
IAR relative to the angle achieved under bending motion.
Statistical analysis in this study was performed by using
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SPSS (version 20.0) and Stata (version 12.0), and the p
value was set<0.05. One-sample T test was applied to
compare the difference between the TD in intact knee
and that in previous studies. One-way Analysis of Vari-
ance was applied for statistical comparison of TD, TVA,
TER, IAR in different stages of PLC damage.

Results

Analysis of TD

Analysis of the intact model

Table 2 shows the kinematics of the intact knee under
a combined compressive load of 1150 N and a 134 N
anterior load, as determined in the current and previ-
ous studies [14—16]. Pefa et al. [14] built a FE model to
evaluate the ligaments in the healthy human knee joint,
and determined that the anterior translation of intact
tibia was 4.75 mm under a combined compressive load of
1150 N and a 134 N anterior load. In the cadaver experi-
ments conducted by Gabriel et al. [15], the anterior trans-
lation of tibia under under a combined compressive load
of 1150 N and a 134 N anterior load was 4.0£1.0 mm
at full extension. In the current study, the mean TD was
4.62+0.3 mm.

Analysis of models with PLC failure

The changes in TD along the anterior direction under a
combined compressive load of 1150 N and a 134 N ante-
rior load and various structural disruptions of the PLC
are shown in Fig. 2. TD ranged from 5.38 to 6.11 mm
when the PLC was sequentially cut. PLC disruption
resulted in slight increases in TD, with LCL failure hav-
ing the largest influence (increase of TD=0.76 mm), fol-
lowed by the PT (0.44 mm) and PFL (0.29 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 Fig. 3. Under 5 Nm varus motion, the mean
TVA was 4.21 +0.2° in the intact model, 6.83+0.5° when
the LCL was cut, 7.29+0.4° when the PFL was cut, and
9.29+0.3° when the PT was cut. Under 10 Nm varus
motion, the mean TVA was 8.09+0.8°, 12.04+0.6°,

Table 2 Comparison of the kinematics of intact knee with published experimental results under a combined compressive load of

1150 N and an anterior tibial load of 134 N

Anterior translation Medial translation

Distal translation

Valgus rotation (°) Internal rotation (°)

(mm) (mm) (mm)
Current study 462402 0.6440.1 11+£0.2 —026+£0.1 14840.1
Pefa 475 0.56 —1.10 0.76 1.60
Gabriel 404+10 06+£06 03403 —02+07 1.7£15

mm, millimeter, °, degree
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Intact w/o LCL w/o LCL+PFL w/o LCL+PFL+PT
Fig. 2 The mean TD under a combined compressive load of 1150 N and an anterior tibial load of 134 N 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, popliteofibular
ligament; PT, popliteus tendon
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Fig. 3 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,
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14.13+0.5°, and 17.03+0.8°, respectively. The difference
between groups was significant (p<0.05). Figure 4 also
shows that the LCL had the most significant influence on
TVA, under bending motions of both 5 and 10 Nm. Fail-
ures 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 Fig. 4. The mean TER in the intact model was
3.07 £0.4° at a bending motion of 5 Nm and 6.54+0.9° at
a bending motion of 10 Nm. Slight increases in the TER
were observed under a 5 Nm bending motion and LCL,
PFL, and PT failure, of 1.07°, 0.69°, and 0.45°, respec-
tively. Under 10 Nm bending motion, the correspond-
ing increases of TER values were 2.12°, 1.03°, and 0.52°.
The differences between the groups were significant
(p<0.05). LCL damage had a larger effect on TER than
either PFL or PT damage, under both 5 and 10 Nm bend-
ing motions.

Analysis of the IAR

IAR in the varus rotation model

As shown in Fig. 5, the IAR gradually approached the
lateral femoral condyle under both 5 and 10 Nm varus
rotation. Under 5 Nm varus rotation, sequential reduc-
tion of the structures of the PLC caused the IAR to shift
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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 bend-
ing 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 Fig. 6, the position of the IAR shifted medi-
ally 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 trajec-
tory 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 stabi-
lize 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
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Fig.4 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, popliteofibular ligament; PT, popliteus tendon
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of the knee. Previous anatomical and experimental
studies demonstrated that the LCL, PFL, and PT play
significant roles in maintaining the stability of the poste-
rolateral knee. However, traffic accidents and sports inju-
ries 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 pla-
teau fracture or cruciate ligament injury. Tomas-Herndn-
dez et al. [24] reported a case series of large anteromedial
tibial plateau fractures with PLC injury. Delee et al. [25]
reported 12 cases of acute isolated posterolateral instabil-
ity of the knee among 735 knee ligament injuries.

The clinical diagnosis of PLC injury of the knee can be
difficult. Fanelli et al. [26] described three types of pos-
terolateral instability, to help clinicians recognize PLC
injury. Another study found that posterolateral pain of
the knee can indicate PLC failure [27]. In a patient with
a potential acute PLC injury, physical examination that
includes the Lachman test should be performed [28].
Alternative diagnostic measures have also been pro-
posed. Pritsch et al. [29] measured the TER in 14 fresh
cadaver knees before and after transection of the medial
collateral ligament. Based on their findings, 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 tis-
sues. 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 five complete PLC injuries and one
partial tear.

Cadaver experiments have been widely used to inves-
tigate the biomechanics of the PLC. LaPrade et al. [30]
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. [17] used the FE method
to establish a musculoskeletal model and found that the
forces acting on the anterior and posterior cruciate liga-
ments after PLC deficiency gradually increased.

In our FE model, several physical parameters (TD,
TVA, TER, IAR) were measured during stepwise dis-
ruption of the PLC, to evaluate the stability of the knee
joint under different failure conditions. For comparabil-
ity with previous research, the order of PLC injury was
LCL, PFL, and PT, and a 134 N anterior load was applied
to the tibia. Pena et al. [17] reported that the tibial dis-
placements were the 4.75 mm in the anterior direction,
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0.56 mm in the medial direction, 1.10 mm in the distal
direction, 0.76° in varus angulation, and 1.6° in external
rotation under a combined anterior tibial load of 134 N
and a compressive load of 1150 N. Gabriel et al. [15]
also measured these five kinematics of the intact knee
in response to a combined anterior tibial load of 134 N
and a compressive load of 1150 N in their study. Simi-
lar results were obtained in our FE model. And the dif-
ferences of distal translation and valgus rotation listed
in Table 2 between Pefia’s research and our study were
probably due to the inclusion of PFL and PT. Therefore,
our results were in good agreement with those studies.
During sequential cutting of the PLC, the TD gradually
increased, with the most significant shift occurring when
the LCL was cut. This demonstrated the greater impor-
tance of the LCL than PFL and PT for maintaining ante-
rior stability of the posterolateral knee.

Both the TVA and TER are crucial parameters in
analyses of knee joint stability. In our study, pure bend-
ing motions of 5 and 10 Nm were applied to the tibia to
achieve varus and external rotation during sequential
cutting of the PLC. Chun et al. [18] evaluated the contri-
butions of the LCL, PFL, and PT in twelve fresh-frozen
cadaveric knees by sequentially cutting the PLC with
four knee flexion of 0°, 30°, 60°, 90° respectively. They
illustrated that the PT and PFL contribute to the exter-
nal rotatory stability equally and the LCL is a significant
structure to keep the varus rotatory stability. In the cur-
rent study, the knee flexion was set 0° and the sequen-
tial reduction of the PLC was set as follow: LCL, PFL,
and PT. Both in 5 and 10 Nm varus rotation, the largest
increment of TVA was observed after the LCL was cut.
However, the increment of TVA was 0.46° under 5Nm
bending motion, 2.09° under 10Nm bending motion,
which were smaller than the increment after the reduc-
tion of PT. In external rotation, the largest increment of
TER was also observed in the LCL reduction process.
Contrary to varus rotation, the increment of TER after
the reduction of PFL was observed larger than that in PT
reduction process.

The location of the IAR has been used in analyses of
segmental instability [31], but not in a FE model of PLC
sequential injury. In varus rotation, the IAR shifted later-
ally and superiorly, towards the lateral femoral condyle,
after PLC failure. On the contrary, the IAR during PLC
sequential injury moved anteriorly and medially in exter-
nal rotation. Thus, both in varus and in external rotation,
the largest shift in IAR occurred when the LCL was cut.
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
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and consequences of dynamic injury. Within the PLC, the
LCL played the largest role in maintaining stability. The
current study may help the clinicians deepen their under-
standing of the PLC injury, and assist them to offer bet-
ter therapy to cure patients. However, the stability of the
knee is complex, and there is still some controversy about
the sequential injury order of the PLC. Furthermore, PLC
injury is usually incidental to cruciate ligament failure or
tibial plateau fracture. Thus, our results may have been
influenced 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. How-
ever, 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 struc-
tural component.
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