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Finite element graft stress 
for anteromedial portal, transtibial, 
and hybrid transtibial femoral 
drillings under anterior translation 
and medial rotation: an exploratory 
study
Roberto Yañez 1,2, Rony Silvestre 1, Matias Roby 1,2, Alejandro Neira 3, Camilo Azar 2, 
Samuel Madera 4, Alejandro Ortiz‑Bernardin 4, Felipe P. Carpes 5 & Carlos De la Fuente 6*

Stress concentration on the Anterior Cruciate Ligament Reconstruction (ACLr) for femoral drillings 
is crucial to understanding failures. Therefore, we described the graft stress for transtibial (TT), the 
anteromedial portal (AM), and hybrid transtibial (HTT) techniques during the anterior tibial translation 
and medial knee rotation in a finite element model. A healthy participant with a non‑medical record 
of Anterior Cruciate Ligament rupture with regular sports practice underwent finite element analysis. 
We modeled TT, HTT, AM drillings, and the ACLr as hyperelastic isotropic material. The maximum Von 
Mises principal stresses and distributions were obtained from anterior tibial translation and medial 
rotation. During the anterior tibia translation, the HTT, TT, and AM drilling were 31.5 MPa, 34.6 Mpa, 
and 35.0 MPa, respectively. During the medial knee rotation, the AM, TT, and HTT drilling were 
17.3 MPa, 20.3 Mpa, and 21.6 MPa, respectively. The stress was concentrated at the lateral aspect of 
ACLr,near the femoral tunnel for all techniques independent of the knee movement. Meanwhile, the 
AM tunnel concentrates the stress at the medial aspect of the ACLr body under medial rotation. The 
HTT better constrains the anterior tibia translation than AM and TT drillings, while AM does for medial 
knee rotation.
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Around 10–15% of Anterior Cruciate Ligament Reconstruction (ACLr) failures mainly occur by tunnel 
placement, graft fixation, and graft  properties1–3. An example is the reduced ultimate strength caused by 
irradiation on ACLr grafts, compromising the mechanical graft properties. In this sense, the ACLr femoral 
 drilling4, which importantly determines the graft  orientation5, joint constraints, and stress distributions on 
the  graft5, would be the most challenging procedure during an ACLr. A more verticalized graft tightens it in 
the anteroposterior axis (or roll axis), while a more horizontalized graft does for the craniocaudal axis (or yaw 
axis)5–7. Because of that, the femoral tunnel orientation can reduce the rotatory arm, particularly in the transverse 
 plane8–10. Consequently, the femoral tunnel orientation might alter the stress distributions and concentration on 
the ACLr graft, which are relevant factors to explain probable places of ACLr failure (rupture)11.

The transtibial (TT) and the anteromedial portal (AM) tunnel are the two typical drillings for  ACLr8. The 
TT is a verticalized technique with recognized good long-term outcomes but a higher risk of non-anatomical 
femoral attachment. At the same time, the AM is a deflected technique at the femoral tunnel with unconstrained 
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anatomic  placement12. However, the hybrid transtibial tunnel (HTT), which aims to avoid shortened graft and 
to promote a more centered femoral footprint attachment, has captured attention in the last few years because 
their coronal (or frontal) angulation is between the angulation of TT and the  AM6,12,13. The HTT uses a flexible 
sheathed wire guide inserted through a standard medial portal to permit a more horizontalized attachment than 
 TT6. The AM, TT, and HTT techniques have an average sagittal (or lateral) orientation of around 146.3°, 155.4° 
and 158.8°13, and an average coronal (or frontal) orientation of around 100.5°, 129.4° and 111.0°,  respectively13. 
Conversely, the AM tunnel would induce a stress concentration and higher forces at the ACLr graft near the 
femoral  tunnel6, and the anterior tibial translation and medial knee rotation movements have been established 
as crucial independent non-contact ACLr rupture  causes14.

A robust method providing biomechanical insights for surgical designs is the finite element analysis (FEA)15. 
It simplifies the analysis by dividing complex geometric into smaller  ones15. Thus, the FEA would allow a better 
understanding of the maximum principal stresses and distributions on the ACLr graft for TT, HTT, and AM 
femoral tunnels under anterior translation and medial knee rotation. Although the resultant force at the level 
of femoral deflection angle in the femoral tunnel has been estimated from in vitro testings for knee  flexion6, we 
found no information about FEA for TT, HTT, and AM under isolated anterior tibial translation and medial knee 
rotation. FEA, in this context, would help explore the stress distribution among these surgical designs. Therefore, 
we aimed to describe the maximum principal stresses and the stress distributions on the graft for TT, AM, and 
HTT techniques during the anterior tibial translation and medial knee rotation in a finite element model. We 
hypothesize that comparing the three techniques, i) the TT drilling elicit the lowest peak stress for the anterior 
tibial translation, and ii) the AM drilling elicit the lowest peak stress for medial knee rotation.

Material and methods
Study design
In this in silico study, we reconstructed the knee bones through FEA on a healthy young adult with a non-medical 
record of ACL rupture and regular sports practice from knee X-ray computed tomography (CT) images. Then, we 
modeled the TT, AM, and HTT drillings using the same ACLr graft. The knee model was submitted to anterior 
tibial translation and medial knee rotation, obtaining the maximum Von Mises principal stresses and the location 
of the stress. This study follows STROBE guidelines and  principles16 and followed human ethical requirements 
for human research (see details in the “Ethical declaration”).

Participant
A healthy knee without ligament rupture from a volunteer of 26 years old, body mass 71 kg, height 1.73 m, and 
body mass index 23.7 kg  m−2 was collected in a CT (Brivo CT 385 series, GE Healthcare, USA) using 16-slices 
with a 0.62 mm resolution and pixel spacing of 0.35 mm × 0.35 mm. The sample size was determined according 
to the literature sample size for studies using finite element simulations (n = 1)8,17. The participant selection was 
based on age between 20 and 30 years old, non-injured ACL records, generally good health condition assessed 
by a senior orthopedic medical surgeon (RY), and regular sports practice (twice a week). The exclusion criteria 
were musculoskeletal acute injury records from the last year, any orthopedic, pathology, metabolic or rheumatic 
condition, pharmacological use, posterior tibial slope ≥ 10°18, no ligament laxity, no genu-recurvatum19, positive 
Lachman, anterior drawer, or pivot shift test, increased navicular  drop19, decreased intercondylar notch width 
and  volume20, increased meniscal  slope19, discoid meniscus, increased knee abduction angle and intersegmental 
moment during  jumping19, increased ground reaction force during  jumping19, increased trunk displacement 
during jump  landing19, increased knee  hyperextension19, quadriceps force asymmetry > 12%, increase in side-to-
side  differences19, and increased body mass  index19. The criteria were measured by a senior biomechanist (RS), 
radiologist (NG), and orthopedic medical surgeon (RY).

Knee joint models
The DICOM CT data (Fig. 1A–C) were segmented as bone by threshold intensity (Fig. 1D) to create a 6 Degree 
of Freedom (DoF) ACLr graft rigidly attached to the femur and tibia (Fig. 1E and F). Each bone was manually 
selected, and a pixel-grown region was applied during the segmentation. The next step was smooth filtering 
(joint smoothing) through the Slicer 3D Slicer software version 5.0.0 (The Brigham and Women’s Hospital, Inc., 
USA). For a complete bone separation between the fibula, tibia, femur, and patella, the obtained 3D bone model 
was manually edited using Mesh-mixer software version 3.5 (Autodesk, USA) to eliminate internal residuals 
until independent surface solids (only cortical bones) were obtained (Fig. 1F). The model only considered the 
ACLr graft and bone elements in agreement with previous  reports17 to explore the direct effects of anterior tibial 
translation and media knee rotation.

Femoral and tibial tunnels
The tibial and femoral drilling was based on Troffa et al.13 using boolean operations. A circular section with a 
9 mm diameter was made. The first drilling was made in the tibia (Fig. 1G and H). Then, the subsequent drilling 
was made in the femur (Fig. 1I) with a sagittal (or lateral) orientation of 146.3°, 155.4°, and 158.8° for AM portal, 
TT, and HTT,  respectively13, while the coronal orientation (or frontal) was 100.5°, 129.4°, and 111.0° for AM 
portal, TT, and HTT,  respectively13 (Fig. 1J–L). Finally, an ACLr graft with a 9 mm diameter was attached with 
a width of 25 mm (Fig. 1) based on Achilles graft  preparation21. The node and total elements were 8812/42,454, 
11,482/53,070, and 9776/48,076 units for the AM portal, TT, and HTT, respectively. We iterate the mesh size 
until convergence for stable stress and displacement, obtaining the previously described nodes and elements. 
All surgical models on the finite element were made using Inventor software version 26.0 (Autodesk, USA).
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Materials properties
The tibial and femoral properties were a rigid body material with a Young module of 0.4 GPa and a Poisson 
coefficient of 0.3322. The ACLr was modeled as isotropic hyperelastic (no linear) material with Veronda-
Westmann coefficients of α = 0.3 Mpa and β = 12.2022. The femoral and tibial attachments were set as rigid 
contacts.

Boundary conditions
A knee model underwent independent anterior translation and medial rotation, allowing for the determination 
of maximum Von Mises principal stresses and the corresponding stress locations. The boundary conditions 
were 1 degree of freedom (DoF) in the anteroposterior axis (or roll axis) of the femur, 1 DoF in the craniocaudal 
axis (or yaw axis) of the femur, and 6 DoF (3 translations and three rotations) for ACLr. After that, a force of 
120 N was applied at the center of inertia from the anterior aspect of the femur with a posterior direction on 
the femur, causing an anteriorization of the tibia (Fig. 1E). The load magnitude was close to Cheng et al.22, who 

Figure 1.  Knee Modeling procedures. (A–C) DICOM Images obtained from the participant. (D) Whole 
reconstructed knee of the participant. (E) First STL of the knee model. (F) Optimized STL model with 
independent bones (no attached between them). (G–I) Tunnel drilling simulation in different planes. (J) 
Anteromedial portal (AM) graft orientation. (K) Transtibial (TT) graft orientation. (L) Hybrid transtibial (HTT) 
graft orientation. The arrows show the application point of the force that caused anterior tibial translation and 
the medial knee.
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used an anterior tibial translation that occurs during gait (0.15 times body weight)22. Finally, a force of 16 N 
towards the posterior direction was applied in the most lateral aspect of the lateral femoral condyle, causing 
an internal rotation moment of 0.8 Nm to test the model (Fig. 1E). We applied these forces empirically until 
movement was achieved in the physiological movement ranges. The translation force was defined in coherence 
with previous reports, and the medial moment was 0.4 times compared to previous reports due to our model 
excluding other secondary stabilizers of the  knee23. Also, in this study, we did not consider prestrain  behavior24. 
All biomechanical simulations were performed using the FEBio software version 3.5.1 (University of Utah & 
Columbia University, USA).

Model validation
The fifth case of the Cheng et al.22 simulations was used to compare our model. We described the Von Mises 
stress and deformation distributions for the reconstructed ACLr. Our knee FEA model was studied for the 
Von Mises stress and deformation distributions for ACLr with 45° in the coronal plane and 60° in the sagittal 
plane using the AM portal drilling for validation. We chose this because it provided the lowest peak stress and 
deformation on the bone tunnels and anterior cruciate ligament  graft22. The graft properties were hyperelastic 
isotropic material with Veronda-Westmann α = 0.3 MPa, β = 12.20. The boundary conditions were set under 
the main plane of motion (anterior translation) without considering the medial and valgus moment of Cheng 
et al.22. Because of that, our pattern has limitations, and we recommend caution in extrapolating our results. 
The Von Mises stress and distributions were expected to be obtained at the lateral aspect of the femoral graft 
 tunnel22. All biomechanical simulations were performed using the FEBio software version 3.5.1 (University of 
Utah & Columbia University, USA).

Data analysis
The maximum principal stresses and the stress distributions on the ACLr graft were described through descriptive 
statistics for the anterior tibial translation and medial knee rotation models for TT, AM portal, and HTT 
techniques. Nephogram maps were scaled to the maximum principal stress of each simulation.

Ethics declarations
This study was approved by the institutional review board of MEDS clinic (Santiago, Chile). This study was in 
accordance with Helsinki principles. Signed informed consent was obtained from the participant.

Results
Similar to the findings from Cheng et al.22 model, in our model, the stress distributions (Fig. 2A and B) were 
located at the lateral aspect of the ACLr near the femoral tunnel graft attachment. The deformation distributions 
of our model occurred mainly at femoral tunnel graft attachment (Fig. 2C and D). The maximum principal stress 
of our model was 27.8 MPa, while Cheng et al.22 reported 28.76 MPa.

The stress distributions for anterior tibia translation in the AM drilling were concentrated at the lateral aspect 
of the ACLr graft near the femoral graft attachment (Fig. 3A). The maximum principal stress was 35 MPa. The 
stress distributions for anterior tibia translation in the TT drilling were concentrated at the lateral aspect of the 
ACLr graft near the femoral tunnel graft attachment (Fig. 3C). The maximum principal stress was 34.6 MPa. 
The stress distributions for anterior tibia translation in the HTT drilling were concentrated at the lateral aspect 
of the ACLr graft near the femoral tunnel graft attachment with the tendency of posterior displacement (red dot 
in Fig. 3E). The maximum principal stress was 31.5 MPa.

The stress distributions for medial rotation in the AM drilling were concentrated at the lateral aspect of the 
ACLr graft near the femoral and the medial aspect of the body graft. The maximum principal stress was 17.3 MPa 
at the medial aspect of the body graft (Fig. 3B). The stress distributions for medial rotation in the TT drilling 
were concentrated at the lateral aspect of the ACLr graft near the femoral tunnel graft attachment. The maximum 
principal stress was 20.3 MPa (Fig. 3D). The stress distributions for medial rotation in the HTT drilling were 
concentrated at the lateral aspect of the ACLr graft near the femoral tunnel graft attachment and at the medial 
aspect of the ACLr graft near the tibial tunnel attachment. The maximum principal stress was 21.6 MPa at the 
lateral aspect of the ACLr graft near the (Fig. 3F).

Discussion
Under mechanical and geometrical controlled conditions, our main findings were that the i) HTT dissipates the 
anterior tibial translation better; under equal load conditions, the HTT elicits the lowest peak stress compared to 
the other techniques. Meanwhile, the AM drilling dissipates the medial rotation better; the AM drilling results in 
the lowest peak stress under equal load conditions compared to the other techniques. During the anterior tibia 
translation, the stress concentrates mainly on the femoral tunnel graft attachment, with increased peak stress 
for the AM drilling. ii) During the medial rotation in the AM drilling, the stress concentrates on the femoral 
tunnel graft attachment and across the lateral graft mid-substance portion. In contrast, the TT and HTT reduce 
the stress concentration at the lateral graft mid-substance portion during the medial rotation. Therefore, we 
argue that the stress concentration observed here for ACLr depends on the surgical design (femoral tunnel 
angulation). However, although the HTT is a surgical alternative to constrain anterior tibial translation, it was 
not for medial rotation as single-bundle reconstruction. On the other hand, AM constraints the medial rotation 
movement better without high-stress concentration at the mid-substance of the graft compared with TT and HTT 
drillings. However, it was not an efficient stress dissipator for the anterior translation of the tibia. Considering 
that the native ACL provided 82–90% of the total anterior restraint between 0° and 90° knee  flexion25, the HTT 
might be an appropriate mechanical alternative to constrain anterior translations, the higher physiological loads 
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experienced by the  knee25–29. Our comparisons might indicate that techniques like HTT would be designed with 
an extraarticular lateral tenodesis to better constrain the medial knee  rotation29. Future FEA studies should 
explore this surgical alternative.

The overlayed stress distributions between the AM, TT, and HTT drilling partially agree with the stress 
concentration of other graft models and native ACL previously  reported30. Previous reports have confirmed 
the femoral tunnel as a critical stress concentration  region6,17,31. All our models, independent of the movement, 
develop a stress concentration at the lateral aspect of the ACLr near the femoral tunnel, and the highest stress 
was found for the AM technique under the anterior translation of the tibia. Consequently, the attachment graft 
zone might be the weakest and most critical place for the three drillings, especially during the early postoperative 

Figure 2.  Knee modeling validation outcomes. The figure shows the Von Mises Stress and deformation after 
104 N (15% of body weight) applied from the anterior aspect of the femur towards the posterior direction, 
according to Cheng et al.22. The results show the Von Mises stress (A lateral view and B medial view) and 
deformation distributions (C lateral view and D medial view) for Anterior Cruciate Ligament reconstruction for 
45° in the coronal plane and 60° in the sagittal plane using the AM portal drilling considering only the anterior 
translation of the tibia.
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period when tissues had lower resistance and stiffness. Also, our findings would support the slipping of the graft 
from the  attachment30,32 caused by early femoral tunnel enlargement. Future research should evaluate the critical 
role of different attaching techniques and osteosynthesis elements of fixation at femoral tunnels.

The increased mid-substance stress for AM drilling during medial rotation could be explained by the fact 
that cyclic testing measured greater peak contact pressure when using AM drilling than the TT technique at 
the tibial  tunnel33. This AM pattern would respond to a more deflected ACLr graft, tightening more medial 
fibers of the graft because the medial condyle displaces posteriorly. In contrast, the medial femoral condyle 
displaces anteriorly during the medial knee rotation. A similar pattern can be observed in previous  reports34. 
Both femoral and tibial tunnels create graft-bone  contact8, putting the graft under higher  loads33. This pattern has 
been indicated as a possible graft failure mechanism because it increases the peak contact pressure and should be 
considered between the ACLr  choices33, particularly when early rehabilitation is involved. In contrast, the HTT 
has demonstrated lower loads at tunnels, suggesting an acceptable combination of TT and AM  drillings13. Also, 
it is relevant to consider that the ACLr graft gets better and more satisfactory clinical and functional outcomes 
associated with a lower failure risk when the femoral tunnel is placed more eccentrically in the  footprint35.

We acknowledge that our research is not without limitations. We identify that the main limitation would be 
the native geometry of our ACLr graft. However, we have used a similar graft among the techniques based on 
the recommendations for using the Achilles  allograft21. Our model validation did not have the same boundary 
conditions for coronal and transverse knee planes, and it has been considered exclusively the sagittal plane where 
the main knee motion occurs. The under consideration of these characteristics can explain part of the different 

Figure 3.  Study outcome for Von Mises Stress for two movements and three techniques. For anterior tibial 
translation in (A) lateral and medial view of the Anteromedial Portal, in (B) lateral and medial view of the 
Transtibial tunnel, in (C) lateral and medial view of the Hybrid Transtibial Tunnel. For medial knee rotation in 
(D) lateral and medial view of the Anteromedial Portal, in (E) lateral and medial view of the Transtibial tunnel, 
in (F) lateral and medial view of the Hybrid Transtibial Tunnel. The red point is the projection of the maximal 
stress for HTT technique.
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values and stress distributions obtained in the validation results. The simplification of the model to an isotropic 
material and the lack of mesh convergence details and prestrain could also be considered part of the limitation 
of this study. On the other hand, the biology variability was controlled by simplifying the modeling to a healthy 
participant and validating our model. Our sample size is commonly used in finite element  simulations8. Here, it 
is important to understand that other factors increase graft stress, like the posterior  slope32, the graft  diameter36, 
or graft stiffness, and  shape30, to mention some of them. In our study, these variables were excluded to better 
comprehend the effects of surgical design on ACLr stress. Lastly, the modeling attempts to reflect the structures 
immediately post-surgery, which is more related to early than long-term failure.

In conclusion, HTT drilling suggests better constraining the anterior tibia translation forces, while AM is the 
most effective drilling to constrain medial knee rotation. Our in silico study permits exploring the advantages 
of the HTT technique as a surgical alternative for ACLr, but future studies are needed.

Data availability
FeBio models are available in the ResearchGate repository of the corresponding author (Carlos De la Fuente, 
https:// www. resea rchga te. net/ profi le/ Carlos- De- La- Fuente-3).

Received: 5 August 2023; Accepted: 30 April 2024

References
 1. Samitier, G. et al. Failure of anterior cruciate ligament reconstruction. Arch. Bone Jt. Surg. 3, 220–240 (2015).
 2. MARS Group et al. Descriptive epidemiology of the Multicenter ACL Revision Study (MARS) cohort. Am. J. Sports Med. 38, 

1979–1986 (2010).
 3. George, M. S., Dunn, W. R. & Spindler, K. P. Current concepts review: Revision anterior cruciate ligament reconstruction. Am. J. 

Sports Med. 34, 2026–2037 (2006).
 4. Tudisco, C., Bisicchia, S., Cosentino, A., Chiozzi, F. & Piva, M. Knee stability, athletic performance and sport-specific tasks in 

non-professional soccer players after ACL reconstruction: Comparing trans-tibial and antero-medial portal techniques. Muscles 
Ligaments Tendons J. 5, 175–180 (2015).

 5. Li, G. et al. Comparison of the ACL and ACL graft forces before and after ACL reconstruction: An in-vitro robotic investigation. 
Acta Orthop. 77, 267–274 (2006).

 6. Jennings, J. K. et al. Transtibial versus anteromedial portal ACL reconstruction: Is a hybrid approach the best?. Orthop. J. Sports 
Med. 5, 2325967117719857 (2017).

 7. Dargel, J. et al. Femoral bone tunnel placement using the transtibial tunnel or the anteromedial portal in ACL reconstruction: A 
radiographic evaluation. Knee Surg. Sports Traumatol. Arthrosc. 17, 220–227 (2009).

 8. Bae, J. Y., Kim, G.-H., Seon, J. K. & Jeon, I. Finite element study on the anatomic transtibial technique for single-bundle anterior 
cruciate ligament reconstruction. Med. Biol. Eng. Comput. 54, 811–820 (2016).

 9. Steiner, M. E. Independent drilling of tibial and femoral tunnels in anterior cruciate ligament reconstruction. J. Knee Surg. 22, 
171–176 (2009).

 10. Driscoll, M. D. et al. Comparison of 2 femoral tunnel locations in anatomic single-bundle anterior cruciate ligament reconstruction: 
A biomechanical study. Arthroscopy 28, 1481–1489 (2012).

 11. Yao, J. et al. Effect of tibial drill-guide angle on the mechanical environment at bone tunnel aperture after anatomic single-bundle 
anterior cruciate ligament reconstruction. Int. Orthop. 38, 973–981 (2014).

 12. Robin, B. N. et al. Advantages and disadvantages of transtibial, anteromedial portal, and outside-in femoral tunnel drilling in 
single-bundle anterior cruciate ligament reconstruction: A systematic review. Arthroscopy 31, 1412–1417 (2015).

 13. Trofa, D. P. et al. A Hybrid transtibial technique combines the advantages of anteromedial portal and transtibial approaches: A 
prospective randomized controlled trial. Am. J. Sports Med. 48, 3200–3207 (2020).

 14. Hewett, T. E. et al. Biomechanical measures of neuromuscular control and valgus loading of the knee predict anterior cruciate 
ligament injury risk in female athletes: A prospective study. Am. J. Sports Med. 33, 492–501 (2005).

 15. Herrera, A. et al. Applications of finite element simulation in orthopedic and trauma surgery. World J. Orthop. 3, 25–41 (2012).
 16. von Elm, E. et al. Strengthening the reporting of observational studies in epidemiology (STROBE) statement: Guidelines for 

reporting observational studies. BMJ 335, 806–808 (2007).
 17. Xiao, Y. et al. Dual fluoroscopic imaging and CT-based finite element modelling to estimate forces and stresses of grafts in 

anatomical single-bundle ACL reconstruction with different femoral tunnels. Int. J. Comput. Assist. Radiol. Surg. 16, 495–504 
(2021).

 18. Fares, A. et al. Posterior tibial slope (PTS) ≥ 10 degrees is a risk factor for further anterior cruciate ligament (ACL) injury; BMI is 
not. Eur. J. Orthop. Surg. Traumatol. https:// doi. org/ 10. 1007/ s00590- 022- 03406-9 (2022).

 19. Smith, H. C. et al. Risk factors for anterior cruciate ligament injury: A review of the literature—part 1: Neuromuscular and anatomic 
risk. Sports Health 4, 69–78 (2012).

 20. Hirtler, L., Kainberger, F. & Röhrich, S. The intercondylar fossa-A narrative review. Clin. Anat. 35, 2–14 (2022).
 21. Zamorano, H. et al. Achilles tendon allograft preparation technique for anterior cruciate ligament reconstruction: A technical 

note. Arthrosc. Tech. 10, e2143–e2150 (2021).
 22. Cheng, R. et al. The femoral tunnel drilling angle at 45° coronal and 45° sagittal provided the lowest peak stress and strain on the 

bone tunnels and anterior cruciate ligament graft. Front. Bioeng. Biotechnol. 9, 797389 (2021).
 23. Benos, L., Stanev, D., Spyrou, L., Moustakas, K. & Tsaopoulos, D. E. A review on finite element modeling and simulation of the 

anterior cruciate ligament reconstruction. Front. Bioeng. Biotechnol. 8, 967 (2020).
 24. Completo, A., Noronha, J. C., Oliveira, C. & Fonseca, F. Biomechanical evidence on anterior cruciate ligament reconstruction. 

Rev. Bras. Ortop. (Sao Paulo) 54, 190–197 (2019).
 25. McLean, S. G., Mallett, K. F. & Arruda, E. M. Deconstructing the anterior cruciate ligament: What we know and do not know 

about function, material properties, and injury mechanics. J. Biomech. Eng. 137, 020906 (2015).
 26. Shelburne, K. B., Torry, M. R. & Pandy, M. G. Muscle, ligament, and joint-contact forces at the knee during walking. Med. Sci. 

Sports Exerc. 37, 1948–1956 (2005).
 27. Shao, Q., MacLeod, T. D., Manal, K. & Buchanan, T. S. Estimation of ligament loading and anterior tibial translation in healthy 

and ACL-deficient knees during gait and the influence of increasing tibial slope using EMG-driven approach. Ann. Biomed. Eng. 
39, 110–121 (2011).

 28. Klon, W., Domżalski, M., Malinowski, K. & Sadlik, B. Translation and rotation analysis based on stress MRI for the diagnosis of 
anterior cruciate ligament tears. Quant. Imaging Med. Surg. 12, 257–268 (2022).

https://www.researchgate.net/profile/Carlos-De-La-Fuente-3
https://doi.org/10.1007/s00590-022-03406-9


8

Vol:.(1234567890)

Scientific Reports |        (2024) 14:11922  | https://doi.org/10.1038/s41598-024-61061-y

www.nature.com/scientificreports/

 29. Pearce, S. L. et al. Biomechanical analysis of tibial motion and ACL graft forces after ACLR with and without LET at varying tibial 
slopes. Am. J. Sports Med. 51, 2583–2588 (2023).

 30. Wang, H., Zhang, B. & Cheng, C.-K. Stiffness and shape of the ACL graft affects tunnel enlargement and graft wear. Knee Surg. 
Sports Traumatol. Arthrosc. 28, 2184–2193 (2020).

 31. Kim, S.-J. et al. Creating a femoral tunnel aperture at the anteromedial footprint versus the central footprint in ACL reconstruction: 
Comparison of contact stress patterns. Orthop. J Sports Med. 9, 23259671211001800 (2021).

 32. Кotiuk, V. et al. The stress in the acl, acl graft, and other joint elements while weight-bearing in full extension depending on the 
posterior tibial slope. Georgian Med. News 2022, 54–60 (2022).

 33. Mehta, A. et al. Effects of anteromedial portal versus transtibial ACL tunnel preparation on contact characteristics of the graft and 
the tibial tunnel aperture. Clin. Orthop. Surg. 11, 52–59 (2019).

 34. Kang, K. & Bae, T. S. Effect of femoral tunnel positions on graft stress in outside-in ACL reconstruction surgery during continuous 
knee motion: A simulation study. Int. J. Med. Robot. 13, 4 (2017).

 35. Paschos, N. K. & Howell, S. M. Anterior cruciate ligament reconstruction: Principles of treatment. EFORT Open Rev. 1, 398–408 
(2016).

 36. Westermann, R. W., Wolf, B. R. & Elkins, J. M. Effect of ACL reconstruction graft size on simulated Lachman testing: A finite 
element analysis. Iowa Orthop. J. 33, 70–77 (2013).

Acknowledgements
The Universidad Mayor (Santiago, Chile) covered the publication fees.

Author contributions
Conceptualization: RS, SM, AO, CDl. Methodology: SM, AO, CDl. Software: SM, AO, CDl. Validation: RY, RS, 
MR, AN, CA, SM, AO, FC, CDl. Formal analysis: RS, AN, SM, AO, CDl. Investigation: RY, RS, SM, AO, CDl. 
Resources: SM, CDl. Data Curation: SM, AO, CDl. Writing - Original Draft: AN, FC, CDl. Writing - Review 
& Editing: RY, RS, MR, AN, CA, FC, CDl. Visualization: SM, CDl. Supervision:  RY, RS, AO, CDl. Project 
administration: RS, AO, CDl. Funding acquisition: AN, CDl.

Funding
This research did not receive any funding.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.D.l.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Finite element graft stress for anteromedial portal, transtibial, and hybrid transtibial femoral drillings under anterior translation and medial rotation: an exploratory study
	Material and methods
	Study design
	Participant
	Knee joint models
	Femoral and tibial tunnels
	Materials properties
	Boundary conditions
	Model validation
	Data analysis
	Ethics declarations

	Results
	Discussion
	References
	Acknowledgements


