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Background: In ACL-reconstructed patients the postoperative knee biomechanics may differ
from the intact knee biomechanical behavior which can alter knee kinematics and kinetics,
and as a result lead to the progression of knee osteoarthritis. The aim of this study was to dem-
onstrate the potential of finite element models to define the optimal choices in surgical param-
eters in terms of optimal graft positioning in combination with graft type in order to restore
the kinematic and kinetic behavior of the knee as best as possible.

Methods: A workflow was proposed based on cadaveric experiments in order to restore the
injured knee to a near normal physiological condition. Femoral and tibial graft insertion sites
and graft fixation tension were optimized to obtain similar intact knee laxity, for three com-
mon single-bundle and one double-bundle reconstructions. To verify the success of the surgery
with the variables calculated using the proposed workflow, a full walking cycle was simulated
with the intact, ACL-ruptured, optimal ACL-reconstructed and non-optimal reconstructed
knees.

Results: Our results suggested that for patellar tendon and hamstring tendon grafts, anatomical
positioning (fixation force: 40 N), and for quadriceps tendon graft, isometric positioning (fixa-
tion tension: 85 N) could recover the intact joint kinematics and kinetics. Also for double-
bundle reconstruction, with the numerically calculated optimal insertion sites, both bundles
needed 50-N fixation force.

Conclusions: With optimal graft positioning parameters, following the proposed workflow in
this study, any of the single-bundle graft types and surgical techniques (single vs. double-
bundle) may be used to acceptably recover the intact knee joint biomechanical behavior.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The anterior cruciate ligament (ACL) rupture is among the most common knee injuries which are mostly followed by a recon-
struction surgery. Osteoarthritis (OA) development in the knee has been reported in both ACL-deficient and ACL-reconstructed
knees [1–9]. In ACL-reconstructed patients the postoperative knee biomechanics (i.e., laxity) may differ from the intact knee bio-
mechanical behavior. This altered mechanical behavior can alter knee kinematics, which is believed to play an important role in
the initiation or progression of knee OA [10–14]. It can also lead to a change in knee kinetics (forces), and as a result, tibiofemoral
load transfer conditions (i.e., contact pressure at the cartilage surfaces), which may also result in OA [15–17]. Hence, in order to
reduce the chance of OA progression in an ACL-deficient patient the goal of the surgery should be to restore the kinematic and
kinetic behavior of the intact knee as well as possible and optimize the surgical parameters to reach this goal.

A very important surgical parameter is the insertion site on the femur as well as on the tibia. Some surgeons prefer an isomet-
ric positioning, whereas others aim for an anatomical placement of the graft [18–22]. Besides the variations in graft positioning,
another parameter that may affect the postoperative mechanical behavior of the knee is the tension force applied to the graft at
its fixation (fixation tension). Different graft fixation tension forces, ranging from 15 N to 150 N, have been proposed in the lit-
erature [23–27].

Finally, there are different preferences among orthopedic surgeons in terms of graft types and surgery techniques (single-bun-
dle or double-bundle) based on a variety of graft-selection criteria [28–33]. The graft type of choice may just be a result of per-
sonal preference of the surgeon or other criteria (i.e., level of activity prior to surgery, type of sport activity, etc.) or in some cases
even based on the patient's special request [31]. The different graft types have different stiffnesses, strengths, sizes, and fiber ori-
entations than the native ACL. As a result, a different mechanical response is expected for different graft choices. This means that
different surgical variables (e.g., insertion site and fixation tension) may need to be applied for different graft choices in order to
meet patient-specific requirements and recreate the original intact knee behavior as best as possible. The surgeon that masters
different techniques would be able to supply different choices for patient- or sport-specific requirements.

With the variations in insertion sites, fixation tension, graft type, and technique, the surgeon has many options to consider
when reconstructing the ACL. Finite element (FE) models can provide more insight into the implications of different choices on
knee biomechanical outcomes [34–36]. We postulate that using an FE model of the knee joint as a pre-planning tool for ACL re-
constructive surgery may assist in optimizing the postoperative kinematics and kinetics.

It is known that the mechanical behavior of knees differs considerably among individuals. We have shown previously that ap-
plying mechanical properties for the knee ligaments from the literature does not lead to a good representation of knee-specific
Figure 1. The anterior cruciate ligament (ACL) reconstruction pre-planning workflow proposed in this study, based on a validated FE model in our earlier study
[37] (block A), to recover intact knee biomechanics in an ACL-injured knee and minimize mechanically induced progression of osteoarthritis (block B). Based
on imaging data (a), and internal–external (IE) and valgus–varus (VV) laxity tests (b), on a human cadaveric knee joint, a detailed finite element (FE) model
of the knee joint was developed which was validated against validation tests (c). In this study, based on the experimental AP laxity test, and implementing nu-
merical optimizations on the FE mode (d), the surgical graft insertion parameters (insertion sites and fixation tension) were optimized. The kinetics and kinematics
of the knee joint during a walking cycle simulation was assessed with the optimized surgical parameters (f), in order to assess how these optimized choices prog-
ress into a more physiological behavior of the knee joint under level walking loading conditions. The recommended ACL-reconstruction insertion parameters can
be created (g), in which the most optimal graft insertion parameters (insertion site and fixation tension) are presented for different graft types and different re-
construction techniques (single-bundle and double-bundle). AP, anterior–posterior; CT, computed tomography; MRI, magnetic resonance imaging.
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mechanical behavior [37]. Hence, to enable simulation of a patient-specific knee, one needs patient-specific geometry as well as
patient-specific fitting of the mechanical properties of the soft tissue structures. Patient-specific geometry can be discerned
from computed tomography (CT) or magnetic resonance imaging (MRI) images [38,39]. We propose that the mechanical proper-
ties of the soft tissues (i.e., ligaments) can be estimated from multi-directional laxity measurements. We furthermore postulate
that if an ACL-deficient knee is reconstructed in a way such that the multi-directional knee laxity is very similar to that of the
intact knee, this knee will also function adequately under weight-bearing conditions such as level walking.

The aim of this study was to demonstrate the potential of FE models to define the optimal choices in surgical parameters in
terms of optimal graft positioning (insertion sites and fixation tension) in combination with graft type in order to restore the ki-
nematic and kinetic behavior of the knee as best as possible.

We hypothesized that for different graft types and reconstruction techniques, graft positioning parameters can be optimized in
an FE model to recover the intact knee joint laxity. For this purpose, we show (1) how ACL surgical parameters can be optimized
to approximate intact knee joint laxity and (2) how these optimized choices progress into a more physiological behavior of the
knee joint under level walking loading conditions.
2. Materials and methods

The workflow proposed in this study is schematically illustrated in Figure 1 (block B), based on the personalized validated FE
model which was developed in our earlier study based on rotational laxity tests (Figure 1: block A) [37]. The methods described
below are separated into three parts. Part I describes the anterior–posterior (AP) laxity tests in a cadaveric setting. The laxity tests
(AP only) were selected so that they could relatively easily be applied under in vivo patient conditions. Subsequently, Part II de-
scribes how a validated FE model was utilized to select the optimal surgical parameters in order to generate a model of an ACL
reconstruction that has a very similar biomechanical behavior as an intact knee model in terms of knee joint laxity (in AP laxity
tests). In Part III, we describe how the laxity-based optimization, as performed in Part II, affects knee joint kinematics and kinetics
at loading conditions generated during level walking.
2.1. Part I: Cadaveric laxity tests

The specimens were received from the Anatomy Department of Radboud University Medical Center with a permission state-
ment for experimental use. AP laxity tests (including Lachman and anterior drawer tests) were performed on the cadaveric intact
knee in which an anterior load of 100 N was applied to the tibia at approximately five centimeters below the joint line at 0, 30, 60
and 90° of flexion. All translational and rotational motions of the joint were recorded during the tests using an electromagnetic
tracking system (3Space Fastrak, Polhemus Incorporated, VT, USA).

To define the ACL footprint at the femoral and tibial sites in the FE model, the ACL was removed from the insertion sites by an
orthopedic surgeon and the femoral and tibial footprints were digitized using a calibrated pen-stylus. This information was used
to provide geometrical boundaries for the calculations to determine the optimal insertion sites of the ACL reconstructions (see
Part II).
2.2. Part II: Optimizing surgical parameters for ACL surgery

As shown in block A in Figure 1, previously, based on imaging data, MRI and CT (Figure 1(a)), and a series of internal–external
(IE) and valgus–varus (VV) laxity tests on the human cadaveric specimen, a detailed computational (FE) model of a human intact
knee joint was developed (Figure 1(b)). Subsequently, the FE model was extensively validated against cadaveric measurements in
a six-degrees-of-freedom knee-testing apparatus, focusing on joint kinematics and tibial cartilage contact pressures (Figure 1(c)).
This validated intact knee model developed in our earlier study ([37]) was then used to follow the workflow proposed in the cur-
rent study as shown in block B in Figure 1.

The FE model was developed in Abaqus software v6.13 (Pawtucket, RI, USA). All soft tissues were meshed using 10-node mod-
ified quadratic tetrahedron (C3D10M) elements. Based on a mesh convergence study, an approximate element size of ~1.0 mm
was chosen. General contact with a frictionless penalty solution strategy was implemented. The explicit solver with an average
mass-scaling factor of 70 and solver viscosity parameter of 0.03 was selected, based on sensitivity analyses presented earlier [40].

The validated FE model was used to simulate various approaches for ACL reconstruction. Single-bundle ACL reconstruction sur-
gery was simulated with three different graft types: (1) bone–patellar-tendon–bone (stiffness: 670 N/mm); (2) quadrupled ham-
string tendon (stiffness: 776 N/mm); and (3) quadriceps tendon (stiffness: 465 N/mm). According to van Eck et al. [29],
hamstring tendon is the most used graft for double-bundle reconstruction. Consequently, for the double-bundle reconstruction
simulation, doubled gracilis (stiffness: 370 N/mm) and semitendinosus (stiffness: 534 N/mm) grafts were utilized, respectively,
as posterolateral (PL) and anteromedial (AM) bundles. The mechanical properties of all different graft types were based on the
average stiffness values reported in the literature [33,41–44]. To describe the non-linear behavior of the grafts, for instance the
negligible resistance in compression and toe and linear regions in tension, the widely used model described by Blankevoort
and Huiskes for ligament mechanical properties was used [45].
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2.2.1. Computer simulation of the operative procedure
We chose to position the deficient knee joint in 30° of flexion to allow for graft fixation [46]. In single-bundle reconstructions,

the graft was inserted and tensioned with a 40-N force before it was fixated at the center of tibial and femoral footprints of the
removed ACL [47]. In the double-bundle case, the AM and PL bundles were tensioned with 50 N and 30 N, respectively [48]. After
graft placement, the joint was fully extended again. The resulting models were representative of current standard surgical ap-
proaches. These models also served as the basis for subsequent optimization simulations to find the optimized surgical
parameters.
2.2.2. Optimization of the insertion variables within the knee models
For each simulated operative case, a numerical optimization was performed. In brief, this optimization procedure aimed at

mimicking the laxity of the intact joint as closely as possible, by varying and optimizing the femoral and tibial graft insertion
sites, and the graft fixation tension. The laxity tests were simulating the experimental AP laxity tests on the intact knee joint,
as explained previously (Part I). For this purpose, an anterior force of 100 N was applied to the knee (posterior force to femur
in tibial coordinate frame) in different femoral flexions (0, 30, 60 and 90°) with similar boundary conditions to our earlier
study [37]. The insertion sites and fixation tension were optimized by sequentially running the model with adapted insertion
sites and fixation tension parameters. The Nelder–Mead Downhill Simplex optimization method was applied using Isight (Simulia,
Providence, RI) [49]. The objective of the optimization model was to minimize the root mean square difference between rotations
(valgus–varus and internal–external) and anterior motion in grafted knee model (FE), and that which was measured experimen-
tally (with the intact knee). This typically required 3000 FE simulations for each graft type.

During the optimization, the femoral and tibial insertion points were constrained within the footprints of native ACL as digi-
tized during the experiment (Part I). The graft fixation tension was also constrained to be within the range of 0–150 N.

After these optimizations, three single-bundle reconstructed knee models, using patellar tendon, hamstring and quadriceps
grafts, and one double-bundle reconstructed knee, with the optimized positioning parameters (insertion sites and fixation ten-
sion) were created.

In order to assess the significance of inserting the grafts with optimal parameters (insertion sites and fixation tension) as cal-
culated in this study, sub-optimal placements of grafts in single-bundle reconstruction (with a fixation tension of 40 N), represen-
tative of a common non-optimal reconstruction were also considered, in which the grafts were positioned in the opposite sites to
the optimal ones. Moreover, in the double-bundle reconstruction, the AM and PL bundles with common insertion sites (centers)
and fixation tension was used as a non-optimal double-bundle reconstruction.

Hence, in total, the following 10 models were generated, which were also presented in Table 1: (1) ACL intact – the intact
knee joint model; (2) ACL ruptured – a knee model with the ACL total rupture; (3) optimal patellar tendon – a knee model
with a single-bundle reconstruction with optimized positioning (insertion sites and fixation tension) of the patellar tendon
graft; (4) optimal hamstring – a knee model with a single-bundle reconstruction with optimized positioning (insertion sites
and fixation tension) of the hamstring graft; (5) optimal quadriceps – a knee model with a single-bundle reconstruction with op-
timized positioning (insertion sites and fixation tension) of the quadriceps graft; (6) optimal double-bundle – a knee model with
a double-bundle reconstructed knee with optimized positioning (insertion sites and fixation tension) of AM and PL bundles;
(7) non-optimal patellar tendon – a knee model with a single-bundle reconstruct with non-optimized positioning (opposite to
the optimized sites) of the patellar tendon graft (fixation tension: 40 N); (8) non-optimal hamstring – a knee model with a
single-bundle reconstruction with non-optimized positioning (opposite to optimized sites) of the hamstring graft (fixation ten-
sion: 40 N); (9) non-optimal quadriceps – a knee model with a single-bundle reconstruction with non-optimized positioning (op-
posite to optimized sites) of the quadriceps graft (fixation tension: 40 N); and (10) non-optimal double-bundle – a knee model
with a non-optimized double-bundle reconstruction with AM (fixation tension: 50 N) and PL (fixation tension: 30 N) bundles
inserted at the center of AM and PL regions.
Table 1
The 10 different models simulated in this study.

Simulated cases Positioning Graft fixation tension Graft insertion sites

ACL intact N/A N/A
ACL-ruptured N/A N/A

Patellar tendon
Non-optimal 40 N Opposite to optimized sites

Optimal T.B.O. T.B.O.

Hamstring tendon
Non-optimal 40 N Opposite to optimized sites

Optimal T.B.O. T.B.O.

Quadriceps tendon
Non-optimal 40 N Opposite to optimized sites

Optimal T.B.O. T.B.O.

Double-bundle
Non-optimal AM: 50 N and PL: 30 N At the center of AM and PL regions

Optimal T.B.O. T.B.O.

ACL, anterior cruciate ligament; AM, anteromedial; PL, posteriolateral; T.B.O., to be optimized.



Figure 2. The loads and boundary conditions applied to the 10 models generated in this study. Loads simulated a walking cycle, based on the normalized in vivo
loads in the Orthoload database [50]. Tibia was fully constrained in this study; therefore, the loads were applied to femur in the tibial coordinate frame.

Figure 3. Optimal calculated graft insertion sites for single-bundle (a) and double-bundle (b) reconstructions, implementing the workflow of the current study.
AM, anteromedial; PL, posterolateral.
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2.3. Part III: Demonstration of improved functional behavior of the ACL-reconstructed knee using optimized surgical parameters

To evaluate the results of the optimization of the insertion sites and fixation tension, a full gait cycle was simulated with all 10
models. The gait loads were based on the normalized in vivo loads produced from eight subjects, as listed in the Orthoload da-
tabase [50], and scaled to the weight of the cadaveric subject, and following the ASTM International standard guide (F3141-15)
[51]. The tibia was fully constrained, and the loads and flexion were applied to femur, respectively, in tibial and femoral frames
(Figure 2).

The outcome parameters including joint kinematics, contact pressure at tibial cartilage, force in the graft bundles and force in
tibiofemoral ligaments were calculated and compared in the 10 models. In order to compare the tibiofemoral articular condition
improvements, achieved by different reconstructions in this study, the variations in peak contact pressure at tibial cartilage rela-
tive to the intact knee joint were compared. Consequently, for the medial and lateral tibial plateau, the averaged root mean square
(RMS) differences between the intact knee joint and all the optimized and non-optimal reconstructed knees, as well as the defi-
cient knee, during the stance and swing phases of a gait cycle, were compared.

3. Results

3.1. Graft insertion optimization

The optimization analysis revealed different optimal insertion sites, dependent on the graft type. For the quadriceps tendon,
the intact knee laxity was best captured with the graft in the isometric regions, while for the patellar tendon and hamstring grafts
the anatomical regions were calculated (Figure 3(a)). Moreover, different fixation forces were calculated for the different grafts
(Table 2). The quadriceps tendon required a higher fixation force (around 80 N) than the patellar tendon and hamstring grafts
(around 40 N).

In the double-bundle reconstruction case, the best fit with the intact knee laxity was achieved when the AM and PL bundles
were positioned at posterior distal and posterior proximal regions within the femoral footprint of the excised ACL, respectively
(Figure 3(b)). For an optimal fit with the intact knee laxity, both AM and PL bundles needed to be tensioned by about 50 N
(Table 2).

3.2. Gait simulation

The ACL-deficient knee showed a considerable increase in femoral posterior translation with a maximum of 14.3 mm at stance
phase and 16.6 mm at swing phase (Figure 4). Moreover, ACL rupture led to an increase in femoral lateral translation at stance
phase, maximally by 3.9 mm.

The reconstructed knees (single-bundle and double-bundle) with the optimized graft positioning and tension parameters,
could recover the AP and ML translation during a full walking cycle. In the case of non-optimal graft positioning (insertion
sites and fixation tension) in single-bundle reconstruction with hamstring and patellar tendons, the translational kinematics
could not be recovered. The quadriceps tendon graft with non-optimal positioning parameters could better follow the intact
knee AP translation, whereas it over-constrained the femoral lateral motion, particularly in swing phase.

Similar to the translational kinematics, the intact knee rotational kinematics could be recovered using the optimized position-
ing variables in all three optimized single-bundle reconstructions. The optimized double-bundle reconstructed knee revealed an
even better improvement in the joint rotational kinematics recovery during the swing phase (Figure 5).

ACL rupture increased the peak contact pressure at the lateral tibial cartilage during the stance phase and particularly at mid-
stance phase (20% of the gait cycle) where the increase in peak contact pressure was up to 2.3 MPa (37%), as shown in Figure 6.
Not only the contact pressure magnitude, but also the contact pressure distribution pattern was influenced considerably by ACL
rupture.

The averaged RMS differences between the peak contact pressure in the intact knee joint and all the optimized and non-
optimal reconstructed knees, as well as the deficient knee, during the stance and swing phases of a gait cycle were presented
in Table 3, separately for the medial and lateral tibial plateaus. As the heat map illustrates, the lower values in Table 3 mean
that the reconstructed knee could better recover the intact knee peak tibial cartilage contact pressure.

The results of the grafts biomechanics comparison indicated that the graft force in the optimized reconstructed cases was
larger than the force in the native ACL which can be caused by anatomical positioning of the grafts. The force in the non-
optimally positioned hamstring and patellar tendon grafts showed a drop to zero at some regions, more particularly in stance
Table 2
Optimal graft tension at 30° degrees of flexion prior to the fixation (fixation tension) in order to recover the intact knee laxity during the anterior–posterior laxity tests.

Single-bundle reconstruction Double-bundle reconstruction

Patellar tendon Hamstring (quadrupled) Quadriceps tendon AM bundle
(semitendinosus)

PL bundle
(gracilis)

Optimal graft fixation tension 39 N 41 N 85 N 49 N 50 N

AM, anteromedial; PL, posterolateral.



Figure 4. The knee anterior–posterior translation (top) and medial–lateral (bottom) translation during a full gait cycle for the ten models. ACL, anterior cruciate
ligament.
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phase, revealing the graft slackness. In general, the quadriceps tendon graft, showed a larger force if non-optimal positioning
applied.

The tensile force in the PCL (at stance phase) and LCL (whole gait) increased dramatically in the model simulating an ACL rup-
ture (Figure 7). All the grafted knees showed similar PCL force and LCL force to the intact knee joint. However, the non-optimal
grafted knees with patellar tendon and hamstring tendon showed lower MCL force at stance phase and larger MCL force at swing
phase.

4. Discussion

In this study, a workflow was proposed in order to recover the biomechanical behavior of the injured knee as much as phys-
iologically possible. For this purpose, femoral and tibial graft insertion sites and graft fixation tension were optimized to obtain
similar intact knee laxity, for three common single-bundle reconstruction grafts (hamstring, quadriceps and patellar tendons),
as well as for a common double-bundle reconstruction. Eventually, to verify the success of the surgery with the variables



Figure 5. The knee valgus–varus rotation (top) and internal–external rotation (bottom) during a full gait cycle for the ten models. ACL, anterior cruciate ligament.
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calculated with the proposed workflow, a full walking cycle was simulated with the intact, ACL-ruptured, optimal ACL-
reconstructed and non-optimal reconstructed knees to demonstrate that these optimized surgical parameters do indeed lead to
more physiological knee biomechanics.

Implementing the proposed workflow to find the most optimal graft positioning parameters (insertion sites and fixation ten-
sion), in order to gain the intact knee laxity, for all three single-bundle graft types and the double-bundle grafts, did indeed im-
prove the knee kinematics. The non-optimal, yet clinically applied, graft positioning protocol led to large deviations from intact
knee kinematics and tibiofemoral articular behavior. We furthermore found clear biomechanical indications (instability and aber-
rant cartilage stresses) that the ACL-deficient knee may stimulate the onset or progression of OA (due to instability and aberrant
cartilage stresses). This concurs with findings in the literature indicating a correlation between ACL injury and OA [11–14,52].



Figure 6. Contact pressure at tibial cartilage at 20% of a gait cycle for the intact knee, anterior cruciate ligament (ACL)-ruptured knee, three single-bundle and the
double-bundle reconstructed knees with optimized grafting parameters, and three reconstructed knees with non-optimal common graft positioning.
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The changes in the knee joint laxity due to the ACL deficiency observed in our simulations are confirmed by the studies of Liu-
Barba et al. and Beynnon et al. who also reported an increase in tibial anterior and medial laxities and knee external rotational
laxity [53,54]. The kinematics prediction of the intact and ACL-deficient knee models during a full gait cycle is also in a good
agreement with previous studies [52,55–59]. Our calculated alterations in knee kinetics and force in tibiofemoral ligaments
(PCL, LCL and MCL) due to the ACL rupture, were similar to the findings of Shelburne et al. [52]. Despite the fact that axial
loads applied to the ACL-deficient joint were maximal at around 20% and 50% of gait cycle (Figure 2), our results illustrate that
maximum contact pressure at tibial cartilage, and particularly at lateral compartment, occurs at around 20% of gait cycle. This
could be due to the larger valgus rotation at 20% of gait cycle as compared with valgus rotation at 50% of gait cycle (Figure 5)
which can be caused by articulation alteration in the ACL-deficient knee model. Werner et al. showed that contact loads on tibial
compartments can significantly change with a valgus–varus variation as little as three degrees in gait, based on the experiment on
four cadaveric implanted knees [60]. Similar findings of Engin et al. on human native knee joint also confirmed the high sensitivity
of knee contact biomechanics to valgus–varus rotational configurations [61].

Previously, studies reported an increased risk of OA development in untreated ACL rupture. For instance, Louboutin et al. re-
ported a 60% increase risk of OA (after 10 years) for ACL-ruptured knees [4]. Our result indicates that not only the untreated ACL-
ruptured knee, but also non-optimally reconstructed knees can undergo larger contact pressure (Table 3) and also different con-
tact pressure patterns (e.g., Figure 6) than the intact knee joint. The larger contact pressure at tibial cartilage is shown to have a
direct influence on OA development [11]. Moreover, the change in contact pressure pattern and as a result in peak contact pres-
sure location can bring regions of tibial cartilage with a smaller thickness into contact, which is also believed to influence the OA
development [62,63].

For an optimal single-bundle reconstruction, similar graft positioning parameters (insertion sites and graft fixation tension)
were found for hamstring and patellar tendon grafts. Isometric positioning with a graft fixation tension of 40 N revealed the
best kinematic (laxity) recovery for hamstring and patellar tendon grafts. With a quadriceps graft, anatomical positioning with



Table 3
The color-scaled averaged rootmean square (RMS) difference between the intact knee and different reconstructed knees, for peak contact pressure atmedial and lateral
tibial cartilage, during the stance and swing phases of a gait cycle.

Average RMS difference ± standard deviation (MPa)

Positioning
Stance phase Swing phase

Medial plateau Lateral plateau Medial plateau Lateral plateau

ACL-ruptured 1.18 ± 1.40 1.14 ± 1.80 2.19 ± 3.34 1.52 ± 2.41

Patellar tendon Non-optimal 0.92 ± 0.89 1.76 ± 4.08 1.10 ± 1.28 1.21 ± 2.09

Optimal 0.39 ± 0.31 0.28 ± 0.23 0.26 ± 0.28 0.40 ± 0.33

Hamstring tendon Non-optimal 1.01 ± 1.59 1.59 ± 2.60 0.81 ± 0.94 1.16 ± 1.29

Optimal 0.50 ± 0.37 0.52 ± 0.41 0.46 ± 0.37 0.65 ± 0.65

Quadriceps tendon Non-optimal 0.30 ± 0.23 0.53 ± 0.42 0.56 ± 0.66 0.46 ± 0.32

Optimal 0.60 ± 0.61 0.43 ± 0.35 0.54 ± 0.50 0.53 ± 0.60

Double-bundle Non-optimal 0.48 ± 0.35 0.77 ± 0.75 0.60 ± 0.44 0.45 ± 0.35

Optimal 0.30 ± 0.24 0.39 ± 0.29 0.36 ± 0.25 0.35 ± 0.32

ACL, anterior cruciate ligament.
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80-N graft fixation tension was required for the best outcomes. The reason for such differences might be sought in the larger stiff-
ness of hamstring and patellar tendon, comparing with quadriceps tendon. Although both optimal single and double-bundle re-
constructions improved the knee joint biomechanics during the gait cycle, optimal double-bundle grafted knee indicated even
better rotational improvement than the optimal single-bundle reconstructions. Among the non-optimal reconstructed models,
quadriceps tendon with anatomical positioning showed better outcomes when compared with two other grafts (hamstring and
patellar tendon) with isometric positioning. Therefore, for single reconstruction and regardless the graft type, anatomical position-
ing seems to be able to better compensate for placement errors in non-optimal cases.

The alteration in the knee kinematics during gait caused by non-optimal reconstruction, and particularly with patellar tendon
and hamstring tendon grafts, was also reflected in the force at collateral ligaments. Notably, the variation between valgus–varus
rotational laxity predicted for non-optimal reconstruction and optimal reconstruction resulted in different forces at MCL. This ki-
netics and kinematics alterations can have certain consequences on knee muscle activation which need to be studied in an inte-
grated knee model (e.g., [64]).

There were several limitations to this study. First, in vitro cadaveric experiments were performed in this study, with no muscle
activation involvement. Hence, the compensation mechanism of the quadriceps activation in ACL-deficient patients was not con-
sidered. Therefore, in this respect the loading conditions divert from reality. However, as ACL reconstruction is meant to recover a
passive structure (ligament) function, passive experiments can sufficiently provide a realistic insight for assessing the biomechan-
ical differences in different cases. Hence, we assume that if we are able to recover the soft-tissue stability envelope by optimizing
ACL reconstruction, patients do not need to apply any muscle activation compensation strategies.

Another limitation was the fact that the detailed computational model was developed, validated and utilized based on a single
cadaveric specimen. It is, however, emphasized that this is a methodological study as a novel approach to treat the ACL-ruptured
knees also in a subject-specific manner. Consequently, for each patient, the proposed workflow can be followed. It is worth men-
tioning that the completion of this workflow for each patient requires almost one month. Currently, investigations are underway
to generate and optimize patient-specific models in a much faster manner. Moreover, normal gait was simulated to assess the be-
havior of different reconstructed knees. Various daily activities can also be simulated to gain a better insight into the function of
grafts during other activities than only normal gait (e.g., chair rising, stair ascending/descending, squatting, etc.). Despite this, the
results of gait simulation, as the most relevant daily activity, could reveal the differences in different reconstructions.

In this study, in order to simulate the ACL reconstruction procedure, the knee was positioned in 30° of flexion which was
shown to have limited advantages over other flexions [46]. The workflow proposed in the current study is capable of
implementing other flexion angles rather than 30° for graft insertion. In that case, a different graft fixation force combined
with flexion might be expected as shown by Arnold et al. [65].

5. Conclusion

Our results suggest that, based on the surgeon's selected graft type (hamstring tendon, patellar tendon or quadriceps tendon)
or surgery technique (single-bundle vs. double-bundle), numerical optimizations can be implemented prior to the surgery to find



Figure 7. Force in PCL, LCL and MCL during a full gait cycle, for the intact knee, anterior cruciate ligament (ACL)-ruptured knee, single-bundle and double-bundle
reconstructed knees with optimized positioning variables and the reconstructed knees with non-optimal common positioning parameters.
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the most optimal graft positioning surgical parameters (graft insertion sites and fixation tension). For this purpose, AP laxity tests
(i.e., Lachman and Drawer tests) are required on the healthy knee (contralateral joint) as the control and on the deficient knee as
the target joint for the optimization. With optimal graft positioning parameters, following the proposed workflow in this study,
any of the single-bundle graft types and surgical techniques (single vs. double-bundle) may be used to acceptably recover the in-
tact knee joint biomechanical behavior. If the placement parameters of graft, in single reconstructive cases, are not optimized, our
results suggest that anatomical positioning might result in better knee laxity recovery.
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