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Abstract

:

An anterior cruciate ligament (ACL) tear is a severe sports injury that often occurs in young athletes. Besides the strong cumulative evidence on noncontact ACL tears, the injury mechanism (especially the contribution of external rotation) is still not well understood. The present work aims to evaluate which knee kinetics result in higher ACL stress and strain. A finite element model of the ACL was developed with a detailed geometry; the two distinct bundles (anteromedial and posterolateral) and the surrounding connective tissue were modelled based on medical anatomic measures and images. The model was validated using computational and cadaveric external data. Sixteen simulations were performed using different combinations of moments and axial loads applied to the knee model as boundary conditions. The results demonstrated that the peak stress (11.00 MPa) and strain (0.048) occurred at the midportion of the anteromedial bundle with the higher values being obtained under a combined knee valgus, flexion, tibial external rotation and high axial load. Anterior load showed low sensitivity in ACL stress and strain peaks. The tibial external rotation showed a higher contribution to the peak ACL stress and strain as compared to internal rotation. These results reinforce the role of axial load and highlight the importance of external rotation on ACL stress and strain, which may be suggestive of the ACL tear mechanism. The role of external rotation is often neglected and should be further explored in future cadaveric and experimental studies. The findings of this study provide data-driven insights to optimize the indications for prevention, diagnosis and treatment of ACL injuries in clinical practice and contribute to raising awareness of the injury mechanism among all relevant stakeholders.
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1. Introduction


The anterior cruciate ligament (ACL) mechanism of injury is still debated and not well understood. The understanding of how the ACL is torn during a noncontact mechanism is crucial to determine which anatomical structures are ruptured and improve the knowledge on the tear mechanism for diagnostic and treatment purposes [1].



Most of the past clinical, experimental and computational studies highlight the importance of the tibial internal rotation (IR) to evaluate rotational instabilities of the knee joint. This framework arises from four main concepts that are well known in the literature: (1) the classic pivot–shift test that is performed with the tibia in IR [2]; (2) biomechanical studies showing the shift of the tibial centre of rotation towards the medial plateau in ACL-deficient knees [3]; (3) the bone-bruise patterns in magnetic resonance imaging (MRI) exams [4]; and (4) the anatomy of the ACL, suggesting that the ligament is tighter in IR than in external rotation (ER) [5]. For these reasons, the scientific literature considers that the noncontact ACL tear mechanism occurs mainly under 20–30 degrees of knee flexion combined with a valgus force and IR of the tibia, associated with posteroanterior and axial loads. Research has consequently been focused on the anterolateral structures of the knee [6,7,8,9,10,11,12], and surgical procedures have been developed with the aim of preventing the anterolateral displacement of the lateral tibial plateau, reducing the pivot–shift phenomenon and restoring the IR knee stability [7,9,10,11,12,13].



Despite the fact that IR plays an important role in the ACL noncontact mechanism of injury, the literature also suggests that the ER mechanism should be considered [14]. The ACL has a significant effect on isolated tibiofemoral ER at 20–30 degrees of knee flexion [15,16], and the tibial ER shows a significant increase after an ACL tear [16,17], suggesting that the ACL is also an ER restrictor and, consequently, is demanded during ER movement. Some authors have previously suggested that ER of the tibia can produce an equal or greater pivot–shift sign on physical examination [16,18,19]. The pivot–shift phenomenon, when evaluated intra-operatively or in cadaveric testing, has shown that the tibial centre of rotation is not identical in all isolated ACL-deficient knees with a significant medial plateau translation even with the pivot–shift test performed only in IR [20]. Despite the early evidence on the role of tibial ER in knee rotational stability, most experimental and simulation studies have solely focused on the IR when testing models of ACL injury [21,22,23,24,25,26]. The contribution of ER in the ACL tear mechanism has thus been undervalued and is still not well understood. The importance of the anteromedial knee structures and instability has been overlooked, and consequently, the potential of surgical procedures that are able to control the anteromedial biomechanical abnormality has been neglected.



Experimental procedures provide a good insight into the knee biomechanics and computational—based on the finite element method (FEM)—can serve as a complementary tool for a better understanding. The FEM modelling provides a fast and low-cost analysis of different biomechanical scenarios, especially when compared to cadaveric and clinical studies, which can be used to test and predict the behaviour of biological tissues under different conditions. The FEM allows for the simulation of the joint-kinetics behaviour under different boundary conditions of lower limb biomechanics. Indeed, the FEM can be a suitable tool to compute and simulate the cumulative damage to different tissues and materials [27,28] that are time-consuming and expensive to obtain experimentally [29,30]. The use of FEM simulations can test varying hypotheses and aid in understanding the complex cause–effect of the response of the soft tissues to different loading conditions [31].



There is a plethora of studies simulating the ACL response to different conditions after a reconstruction procedure [31]. However, accurate knee models are needed that mimic the average native ACL anatomy and the expected behaviour to common external forces that play a role during ACL injury (including ER). The simulation of soft tissues is a complex process due to the typical anisotropy of such biological materials. The soft tissue is, most of the time, simulated as an isotropic material (mainly the cartilage) or as a spring structure (mainly the ligaments) [31,32,33], which is not suitable for stress distribution calculation on the ACL [31]. The geometry of the ACL is often modelled as a spring structure [31] with a single bundle [31,34], which is not fit to test the response of the ACL to different loading conditions. The use of two bundles is important to best mimic the native anatomy of the ACL, especially considering each bundle may play a different role [35]. Moreover, most models collect data from a single individual/specimen that, although true for that single subject, is probably not adequate to be generalized to an average individual (lack of external validity). Therefore, it would be more accurate to use average data for both bone and soft structures, but especially to pinpoint the exact ligament insertions.



The present work focuses on a realistic geometry modelling that provides a detailed ACL structure with its two bundles and the surrounding connective tissue (instead of simulating the ACL as a single-spring structure). The material properties definition of the ACL model was applied to the bundles with the Holzapfel–Gasser–Ogden (HGO) to include the fibres and obtain a more realistic behaviour. The current study objective was to develop a realistic FEM model of the ACL (two bundles and exact morphometry of insertion points to the average population) and investigate which knee kinetics components result in a higher impact on ACL stress and strain during a simulated (FEM) ACL noncontact injury mechanism. We hypothesize that, contrary to the common literature, the tibial ER will have a more predominant impact than IR in ACL stress and strain.




2. Methods


The knee FEM model used in this study was adapted from the Open Knee Project [36], a valuable resource promoting scientific developments that is freely available. The model geometry was obtained from the MRI of a cadaveric body donation. The tri-dimensional right knee joint parts included in this work were the bones (femur and tibia), articular cartilages (femoral and tibial, lateral and medial), ligaments (anterior, posterior, medial and lateral) and menisci (lateral and medial). All the structures were assembled according to their anatomic location.



The femur and tibia were considered rigid bodies. A reference point was assigned to each of the bones to control their translational and rotational degrees of freedom. The articular cartilages were considered tied to the bones. A frictionless contact interaction was established between the menisci and the articular cartilages. Traction-only truss elements (E = 260 MPa, ν = 0.4 and cross-sectional area of 2 mm2) were added to the menisci (Figure 1) to simulate the ligaments in the horns of the menisci.



The ACL was recreated from the ground up to improve and finetune its modelling features. The ACL was defined as close to real as possible, including accurate footprint locations and a global structure that contains the anteromedial (AM) and posterolateral (PL) bundles and the surrounding connective tissue. To build the new ligament, the geometry was first defined, and then, the mesh was assigned to the structure. The ACL geometric model was designed according to the femoral and tibial footprint locations measured in the anatomical work of Iriuchishima et al. [37]. All the proportions were applied to fit the open knee model dimensions, and the created sections are represented in yellow at their final location in Figure 2.



Six sections containing the edges of the bundles were defined between the two footprints (Supplement 1) based on the data from previous studies on the ACL anatomical dimensions [38,39]. All the sections were merged to shape the bundles, as shown in Figure 3a. The six ACL sections were built from five cross-sectional points based on previous MRI data [40]. Based on the presented geometry, all three ACL components were meshed (AM bundle, AL bundle and connective tissue). The ACL geometry was built using Rhinoceros software, and the simulations were performed with Abaqus-2020.



The ACL model was built using two distinct bundles (AM and PL), represented in dark and light blue, respectively, in Figure 3a, and the surrounding connective tissue represented in greyish. The FEM mesh for the bundles was obtained using a sweep technique, which allowed for the use of hexahedral elements along their length. The usage of this type of element has several advantages and facilitates the definition of the HGO fibre directions. For the bundles’ connective tissue, a general technique was used based on tetrahedral elements. For the surrounding connective tissue, due to its geometry, it was not possible to create a suitable hexahedral based finite element mesh, and therefore, a general technique using tetrahedral elements was used. The mesh was defined by 3000 linear hexahedral elements (Abaqus-C3D8H) in the AM and PL bundles and 3875 linear tetrahedral (Abaqus-C3D4) elements in the surrounding tissue (Figure 3b).



The interfaces between the bundles and the connective tissue were defined and considered tied in order to maintain their position during the simulation. A soft hyperelastic material was used to model the connective tissue. Although a rupture of the connective tissue would expose the bundles, which would represent a risk factor for an eventual next failure of the ACL, the focus of the current work is on the bundles of the ACL. Therefore, it was considered that the connective tissue would be able to sustain large amounts of strain. The femoral and tibial ACL sections were fixed at their respective bony footprints to mimic their native anatomical role. A surface-to-surface general contact (with default interaction, contact pair with default thickness (1.0) and adjust 0.0) between the other ligaments, cartilage, menisci and bones was also defined.



The ACL bundles were modelled using the anisotropic HGO constitutive model, which takes into account the existence of the collagen fibres embedded in a soft matrix. The ACL connective tissue surrounding the bundles was modelled with the Neo–Hookean hyperelastic constitutive model. Table 1 describes all the structures comprised in the model, the constitutive models applied and the properties obtained from the literature.



Several uniaxial truss elements were used to simulate other relevant structural ligaments with a role in the knee kinetics. The added structures are highlighted in Figure 4a and Video 1 and modelled based on the properties and location described by Kiapour, Kiapour, Kaul, Quatman, Wordeman, Hewett, Demetropoulos and Goel [26]. The ligaments were defined with truss elements that have five elements each. The simulations were performed with the femur fixed, and all the boundary conditions (Figure 4c and Table 2) were imposed in the reference node of the tibia, node O in Figure 4c. All the boundary conditions followed the movement except one that was fixed in the initial axis direction, which was defined to simulate the quadricep and hamstring muscles’ action with a load of 600N [43] at the y-axis, as the femur position was fixed. Figure 4b shows the full model in the anterior view with the ACL bundles’ mesh highlighted in blue.



Despite the challenge related with the validation process in FEM models, mainly in such complex structures as the knee joint as described by some authors [44,45], an indirect validation was performed comparing the results obtained with the model developed in this study against those reported by Kiapour, Kiapour, Kaul, Quatman, Wordeman, Hewett, Demetropoulos and Goel [26]. The results compared were the tibial IR, as the knee was flexed up to 50 degrees, and the strain in the ACL and medial collateral ligament (MCL) during the abduction moment. The medial and lateral meniscus displacements were compared and validated based on the data from Vedi et al. [46]. The results obtained achieved similar values to those reported by Kiapour, Kiapour, Kaul, Quatman, Wordeman, Hewett, Demetropoulos and Goel [26] (Supplement 2), which led us to the next milestone. From a mechanical point of view, the goal of the present model is to be used as a reference model, which intends to represent a “normal” native biomechanical behaviour of the knee joint. The usage of such a model allows us to test different hypotheses.



An extended analysis of the knee joint was performed with a fixed 20 degrees of knee flexion and 50 Nm of abduction moment and compared, including several combinations of different magnitudes of tibial internal and external rotations and sagittal and axial loads (Table 2). The ACL most commonly tears with a low degree of knee flexion accompanied by an axial load (e.g., landing from a jump or cutting manoeuvres) [47,48,49,50,51,52,53,54]. It was decided to simulate two sets of axial forces to analyse the effects of a more demanding biomechanical scenario to the ACL (landing, 4000 N [55]) as compared to a less demanding scenario (walking, 700 N [56]). Moreover, most ACL tears are also associated with a dynamic valgus stress (knee abduction moment) [47,49,50,51,52,53], and thus, a 50 Nm knee abduction moment [26] was used in all testing sets. Anterior tibial stress loads are also commonly associated with ACL injury (134 N) [26]; therefore, the combination sets with and without anterior stress were tested. Lastly, tibial rotation also has an important impact on the ACL tear mechanism [47,48,49,50,51,52], and the model was thus tested with both internal and external rotations (separately) and used two different rotation magnitudes (15 Nm and 20 Nm) as suggested in a previous work [26].



The stress–strain distribution and peak values were obtained for the whole ACL and for each bundle in the fibres’ direction (Abaqus S11 and LE11). The peak stress and strain were tested in the 16 simulations combining different knee-kinetic scenarios. The locations (proximal, midportion and distal) of peak stress and strain for each of the ACL bundles were also registered.




3. Results


For the FE meshes used, a convergence study was not conducted, although different meshes were tested. Since the obtained results are in accordance with the literature, it can be assumed that the meshes used were reasonably refined. The maximum values of stress and strain obtained for the different structures of the ligament are shown in Figure 5 and Supplement 2. The whole ligament comprises the AM and PL bundles covered by the soft connective tissue. Although a large value of strain occurs on the connective tissue, this is not critical for the ligament rupture.



The peak stress (11 MPa) and strain (4.8%) were obtained at the AM bundle with the combined knee valgus (50 Nm abduction moment), 20-degree of knee flexion during landing (4000 N axial load) and with tibial ER (15 Nm and 20 Nm), corresponding to simulations #2 and #6. Under the same loading conditions but with a tibial IR instead of an ER, the simulations showed lower peak stress and strain values. The anterior tibial load had a minor role in both ACL stress and strain. The ACL stress and strain values were consistently higher when the axial load was 4000 N (simulation of landing) as compared to 700 N (simulation of walking).



The location of peak stress and strain was consistently at the AM bundle and always at the midportion of the ACL (Supplement 3). At the PL bundle, the location of peak stress and strain was also at the midportion when tibial ER momentum was applied; however, when the tibial IR momentum was applied coupled with 700 N axial load, the peak stress and strain were located at the distal and posterior portions of the PL bundle.



Figure 6 displays the location of the ACL strain evolution comparing the ER and IR under the same boundary conditions, #6 and #14 simulations, respectively. The highest strain values in both simulations are in the midportion of the AM bundle. An animation of simulations #6 and #14 can be viewed in videos 2 and 3. The peak strain location starts at the medial side of the midportion of the AM bundle and moves into the lateral side of the midportion of the PL bundle.




4. Discussion


The main finding of this study is that the location of peak stress and strain at the ACL is consistently at the AM bundle and always at the midportion of the ACL when the knee is under combined knee valgus, slight knee flexion, high axial load and with tibial ER. Our findings highlight the importance of ER in ACL injury, which is currently overlooked. Moreover, the finding that the ACL most probably begins to rupture at the AM bundle is also a novel finding. Our results were obtained using a knee model that uses a more realistic ACL model (two bundles) and is adjusted to the average individual (exact morphometry of ACL insertion points to the average population), which tested a multitude of different combinations of knee biomechanical kinetics to investigate which combinations would place the ACL at a higher risk of rupture. Our model and respective findings can be used for other different simulations and serve as the base model to further test the ACL behaviour under different conditions (for example, after ACL reconstruction or repair procedures).



The peak stress and strain at the ACL (either at the AM or PL bundles) were consistently higher when ER was applied as compared with the IR mechanism (under the same loading conditions). This finding goes against the common knowledge in testing the ACL tear with IR (because the PL bundle controls IR). Indeed, most cadaveric and simulation studies that evaluate the ACL tear are performed using a stress mechanism with IR and not ER [21,22,23,24,25,26]. There are several real-world examples of video analysis studies that support the ACL tear mechanism under ER. Many systematic video analysis studies have examined the moment of ACL injury in different sports and found that the tibia was most commonly externally rotated during the ACL noncontact mechanism of injury [47,48,49,52,57]. Waldén et al. [53] analysed the noncontact ACL injuries in 39 professional male football players and reported that the foot at the impact contact moment was in IR in six cases, in ER in six cases and neutral in 11 cases. Della Villa et al. [52] also analysed videos from 134 consecutive ACL injuries in football and found that the foot was externally rotated in 59% and 66% of the athletes at the initial contact and at the injury frame, respectively. Another video analysis study evaluated 69 noncontact ACL tears in professional American football athletes and found that the foot was externally rotated in 90% of the cases [47]. Similarly, Montgomery et al. [48] reported the systematic video analysis of 15 cases of noncontact ACL injuries in a professional rugby union with 11 cases showing an externally rotated foot at the initial contact. In team handball, Olsen et al. [49] evaluated the mechanisms for ACL injuries, and the tibia was either externally or internally rotated but most commonly externally rotated. Also, in skiing, where ACL injuries are frequent, the most common tear mechanism involves a combination of valgus and ER [57]. The tibiofemoral bone-bruise pattern after an ACL injury can also disclose the injury mechanism of an ACL tear. Although tibial IR is presented in most cases of injuries, there is large heterogeneity regarding the location of the tibial and femoral bone bruises [58,59,60] with approximately 25% of all bone bruises located exclusively in the medial tibial plateau and medial femoral condyle [60], suggesting that ER might be involved in an important proportion of the ACL mechanism of injuries. However, some caution is needed when interpreting the bone-bruise pattern to understand ACL injury dynamics because they can reflect the late phase of noncontact ACL injury rather than the injury mechanism leading to the ligament tear [61]. Some biomechanical studies also support an important role of ER in ACL injury. Park et al. [62] analysed the passive knee biomechanical properties in tibial rotation and suggested that there may be a greater risk of ACL injury resulting from impingement against the lateral wall of the intercondylar notch, which has been shown to be associated with tibial ER and knee abduction. Similarly, LaPrade and Burnett [63] reported a qualitative difference between placing the knee in external or internal rotation. When the knee was externally rotated past 15 degrees and flexed to between 30 and 40 degrees, the impingement occurred at the midportion of the ACL. No similar impingement was noted with internal rotation of the tibia on the fixed femur.



The tibiofemoral axial loads contributed significantly to the ACL tear, which was expected based on previous data from the literature [47,48,49,50,51,52,53,54]. This finding highlights the reliability of our model, which shows that higher axial load increases the peak stress and strain at the ACL. Axial loads often result from a landing situation [64,65] or when pivoting the foot at the ground (which has a higher axial load as compared to a walking load situation without impact). Indeed, video analysis studies show that the ACL often tears when there is an impact of the foot against the ground (for example, when landing) [49,51,66,67]. The simulations with the higher axial load (4000 N for landing [55] vs. 700 N for walking [56]) showed that the ACL stress and strain values were consistently higher when the 4000 N was applied.



The highest peak strain and stress values were located at the midportion of the AM and PL bundles, which suggests that the tear will probably occur at the midportion of the ACL. Combined data from 31 studies and 2088 individuals show that ACL tears occur mostly at the proximal third, but one third of these studies only included proximal ACL tears [68,69,70]. When more recent data are carefully analysed, the mid-substance tears account for half of the incidence of ACL tears [68]. Cadaveric testing also points to a tear mechanism starting at the mid-substance of the ACL [71].



A recent FEM study on the injury mechanism of ACL also tested the stress distribution at the ACL under three different loading conditions (134 N anterior tibial load, 5 Nm external tibial torque, 5 Nm internal tibial torque) [34]. They found that the peak stress was localized at the femoral insertion when under the anterior tibial load (14.9 MPa), at the mid-substance when under ER (0.8 MPa) and near the tibial insertion site when under IR (0.9 MPa). Their findings are similar to the present study when under ER, where we found that the peak stress was also at the mid-substance of the AM bundle. However, the findings for anterior tibial load and internal rotation, showing peak stress at the femoral and tibial insertions, were not corroborated in our study. One of the reasons for the diverging results might have arisen from the fact that the authors of the previous study tested the movement isolated, whereas we combined the knee movement under combining kinetic scenarios, which emulates better real-world conditions as shown by the video-analysis studies [47,48,49,52,57]. Moreover, it was not possible to compare which bundle was most affected, as the previous study modelled the ACL as a single structure. Side-to-side comparison of peak strain was also not possible because the previous study had not tested the ACL strain.



The native resistance of the ACL is described by the literature to be approximately 2160 ± 157 N among the young population. These values were tested using INSTROM in cadaveric knees submitted to axial and posteroanterior forces with the knee joint placed in a fixed 30° semiflexion [72]. The mechanism produced with the INSTROM device does not correspond to the reality of an ACL tear as it does not take into account the forces related to tibial rotation. In our study, the peak stress (11 MPa) and strain (4.8%) were obtained at the AM bundle with the combined knee valgus (50 Nm abduction moment), 20 degrees of knee flexion, during landing (4000 N axial load) and with tibial ER (15 Nm and 20 Nm). A study by Butler et al. [73] showed that the ACL bundles develop higher load-related material properties than the posterior bundles. The anterior bundles developed significantly larger moduli, maximum stresses and strain energy densities to maximum stress than the posterior subunits. The average stresses at rupture were, respectively, 38 MPa vs 15 MPa for the different bundles, which is in accordance with the present work. The tibial rotation plays an indisputable role in the ACL tear mechanism, but there was not a significant effect of the magnitude of the tibial rotation momentum (15 Nm vs 20 Nm) on the stress and strain values. This suggests that 15 Nm tibial rotation may be enough to cause an ACL tear (especially in cases of low energy injury mechanism) and increasing to 20 Nm may not lead to much further damage. The anterior tibial load showed low sensitivity in peak ACL stress and strain values in the FEM simulation, which suggests that, although the ACL has a major role in restricting posteroanterior tibial translation [74,75], an anterior load seems to have no significant effect on the ACL peak stress and strain values and probably a lesser role (than previously thought) in the ACL tear.



Our findings are clinically relevant and offer some directions for future studies. Upcoming cadaveric biomechanical studies should focus on ER when testing the ACL tear mechanism. The role of ER in ACL tears is undervalued and should be better understood as it may have important implications for the diagnosis, treatment and prevention of ACL injuries. Assuming that ER has an important role in ACL tears, orthopaedic surgeons also need to consider the anteromedial structures of the knee when performing ligament reconstructive or reparative surgery. Moreover, our model can be used in future studies to better understand the ACL and neighbouring structures (other knee ligament, meniscus and cartilage) and biomechanical behaviour under different kinematic and kinetic conditions [34,76,77]. Our ACL model and testing conditions can also serve as a base to simulate different orthopaedic procedures (such as ACL reconstruction [31,78,79,80] or ACL repair) [81], investigate the ACL stress and strain after these procedures and assess the potential risk of re-rupture. The use of FEM modelling can provide a faster and cheaper testing method than cadaveric, biomechanical or clinical studies [28] and, therefore, can be used as a predicting tool for both prevention and simulation of the potential results after an ACL reconstruction or repair procedure.



There are several limitations that need to be acknowledged. The FEM models simulate the behaviour of specific biomechanical conditions but are limited in their nature as it is not possible to simulate the true nature of real-world situations in which there are many factors that act in combination to predispose someone to an ACL injury [82]. Moreover, several potential confounders, such as interindividual varying anatomy and biomechanics, cannot be accounted for in FEM and may have influence on the results. However, we used average ACL footprint data to better adjust our model to the general population and thus increase the potential for external validity. Hence, FEM should be used to advance and complement experimental studies but not to override or replace them. The experimental data used in this study for validation purposes were not independently collected but extracted from a previous study [26] that used both cadaveric and computational testing. Our validation results varied from the work of Kiapour, Kiapour, Kaul, Quatman, Wordeman, Hewett, Demetropoulos and Goel [26], but they only varied slightly—which reflects the heterogeneity described in the literature [31]—and varied in the same direction and magnitude, which led us to consider the model close enough for validation purposes. It should also be noted that our results are limited, as we only evaluated one knee model, and the model’s stress and strain predictions were not validated against an experimental model. Although this model intends to represent the “normal” biomechanical behaviour of the knee joint, it can be adjusted for a specific patient by using a mesh-morphing technique. The patella was modelled with truss elements and not as the full structure, which could also influence the validation process, as the patella also controls the knee rotations and translations [83]. We did not conduct conventional mesh sensitivity analyses (convergence study); however, we used meshes that were obtained from the Open Knee Project [84] and tested different meshes that performed similarly to those described in the literature. Variations of the tibial slope were not considered in the present work. Tibial slope is shown to have an impact on the risk of ACL tear [85,86] but not on the ACL strain [87].




5. Conclusions


The peak stress and strain at the ACL are obtained when the knee is under slight knee flexion combined with high axial load, knee valgus and tibial ER. Peak stress and strain are consistently located at the midportion of the AM bundle of the ACL. These results are clinically relevant and should raise awareness for the important role of ER in ACL injury, which should be considered for the prevention, diagnosis and treatment of ACL injuries.
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Figure 1. Tibia, tibial cartilage, menisci and menisci ligaments. 
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Figure 2. ACL insertion dimensions in the model, (a) femoral, (b) tibial. 
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Figure 3. (a) Geometry of the AM and PL bundles, (b) Complete ACL mesh (bundles and connective tissue). 
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Figure 4. (a) Posteromedial view of the truss elements representing the structural ligaments in the knee joint. The structures defined are the superficial (SM), deep (DM) and oblique (OM) bundles of the medial collateral ligament; the medial (APM), lateral (APL), oblique popliteal (APO) and arcuate popliteal (APA) bundles of the posterior capsule; the anterolateral structure (AL) and the popliteofibular ligament (PF); (b) anterior view of the FEM model with the ACL highlighted. Legend: M, medial side; L, lateral side; (c) Boundary conditions and loads imposed in the model: X-axis with anterior and valgus loads, Y-axis with knee flexion and Z representing the axial load IR/ER. 
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Figure 5. Output of peak stress and strain for the whole ACL ligament and AM/PL bundles. 






Figure 5. Output of peak stress and strain for the whole ACL ligament and AM/PL bundles.



[image: Applsci 13 03802 g005]







[image: Applsci 13 03802 g006 550] 





Figure 6. Strain evolution in the ACL bundles during (a) simulation #6 [ER] and (b) simulation #14 [IR]. 
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Table 1. Material properties.
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	Material
	Young’s

Modulus (MPa)
	Poisson’s Ratio
	Parameters
	Elements
	Nodes





	Femur/Tibia [41]
	Elastic
	17400.
	0.3
	-
	S4

13860/11360
	13,862/11,362



	Articular

cartilage [41]
	Elastic
	80.
	0.475
	-
	C3D8H

25721
	35,712



	Menisci [42]
	Elastic
	120.
	0.45
	-
	C3D8H

9100
	11,616



	ACL Connective

tissue [32]
	Hyperelastic

(Neo–Hookean)
	-
	-
	C10 = 1.0

D1 = 1 × 10−5
	C3D4H

3875
	1288



	Anterior Cruciate Ligament [32]
	Anisotropic

Hyperelastic (HGO)
	-
	-
	K1 = 52.52

K2 = 5.86

K = 0.0
	C3D8H

3000
	3796



	Posterior Cruciate Ligament [32]
	Anisotropic

Hyperelastic (HGO)
	-
	-
	K1 = 46.42

K2 = 2.73

K = 0.0
	C3D8H

5248
	5922



	Lateral Collateral Ligament [32]
	Anisotropic

Hyperelastic (HGO)
	-
	-
	K1 = 41.21

K2 = 5.26

K = 0.0
	C3D8H

6656
	7425



	Medial Collateral Ligament [32]
	Anisotropic

Hyperelastic (HGO)
	-
	-
	K1 = 41.01

K2 = 5.07

K = 0.0
	C3D8H

5120
	5781
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Table 2. Simulations performed with the FEM model.






Table 2. Simulations performed with the FEM model.





	
# Simulation

	
Knee Flexion

	
Axial Force

	
Anterior Tibial Load

	
External Rotation

	
Internal Rotation

	
Valgus (Abduction Moment)




	
20°

	
700 N

	
4000 N

	
0 N

	
134 N

	
15 Nm

	
20 Nm

	
15 Nm

	
20 Nm

	
50 Nm






	
#1

	
✔

	
✔

	

	
✔

	

	
✔

	

	

	

	
✔




	
#2

	
✔

	

	
✔

	
✔

	

	
✔

	

	

	

	
✔




	
#3

	
✔

	
✔

	

	

	
✔

	
✔

	

	

	

	
✔




	
#4

	
✔

	

	
✔

	

	
✔

	
✔

	

	

	

	
✔




	
#5

	
✔

	
✔

	

	
✔

	

	

	
✔

	

	

	
✔




	
#6

	
✔

	

	
✔

	
✔

	

	

	
✔

	

	

	
✔




	
#7

	
✔

	
✔

	

	

	
✔

	

	
✔

	

	

	
✔




	
#8

	
✔

	

	
✔

	

	
✔

	

	
✔

	

	

	
✔




	
#9

	
✔

	
✔

	

	
✔

	

	

	

	
✔

	

	
✔




	
#10

	
✔

	

	
✔

	
✔

	

	

	

	
✔

	

	
✔




	
#11

	
✔

	
✔

	

	

	
✔

	

	

	
✔

	

	
✔




	
#12

	
✔

	

	
✔

	

	
✔

	

	

	
✔

	

	
✔




	
#13

	
✔

	
✔

	

	
✔

	

	

	

	

	
✔

	
✔




	
#14

	
✔

	

	
✔

	
✔

	

	

	

	

	
✔

	
✔




	
#15

	
✔

	
✔

	

	

	
✔

	

	

	

	
✔

	
✔




	
#16

	
✔

	

	
✔

	

	
✔

	

	

	

	
✔

	
✔
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