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Abstract

Background: Despite advances in total knee arthroplasty, many patients are still
unsatisfied with the functional outcome. Multibody simulations enable a more efficient
exploration of independent variables compared to experimental studies. However,

to what extent numerical models can fully reproduce knee joint kinematics is still
unclear. Hence, models must be validated with different test scenarios before being
applied to biomechanical questions.
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Methods: In our feasibility study, we analyzed a human knee specimen on a six
degree of freedom joint simulator, applying a passive flexion and different laxity
tests with sequential states of ligament resection while recording the joint kinemat-
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ics. Simultaneously, we generated a subject-specific multibody model of the native
tibiofemoral joint considering ligaments and contact between articulating cartilage
surfaces.

Results: Our experimental data on the sequential states of ligament resection aligned
well with the literature. The model-based knee joint kinematics during passive flex-

ion showed good agreement with the experiment, with root-mean-square errors

of less than 1.61 mm for translations and 2.1° for knee joint rotations. During laxity tests,

the experiment measured up to 8 mm of anteroposterior laxity, while the numeri-
cal model allowed less than 3 mm.

Conclusion: Although the multibody model showed good agreement to the experi-
mental kinematics during passive flexion, the validation showed that ligament param-
eters used in this feasibility study are too stiff to replicate experimental laxity tests cor-
rectly. Hence, more precise subject-specific ligament parameters have to be identified
in the future through model optimization.

Keywords: Human knee joint, Musculoskeletal modeling, Joint simulator, Cadaveric
testing, Ligament resection
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Background

Despite tremendous advances in total knee arthroplasty (TKA), only 80%-85% of
patients are satisfied with the postoperative outcome [1, 2]. Biomechanical studies are
conducted to better understand knee joint kinematics before and after TKA [3-5]. Such
studies are performed experimentally or numerically, while computer-based studies
need experimental data to be validated [6-8].

On the other hand, studies on patients enable the investigation of the native knee joint
and functionality of TKA, considering the soft tissue structures [9]. However, extensive
parameter studies are not possible due to ethical aspects. In addition, investigating dif-
ferent motion sequences is technically challenging, and the measurement of kinemat-
ics on the patient is partially prone to errors [10]. Contrarily, experimental setups with
human specimens allow for examining the knee joint at different complexity scales. For
this purpose, mechanical knee rigs [11, 12] and industrial robots [13—15] have been
used. Although these setups provide valuable insights into the knee joint dynamics, test
rigs usually cannot apply defined loads and torques about all three spatial axes, and the
usage of robots can be very complex and time-consuming. To overcome these limita-
tions, the six degrees of freedom joint simulator VIVO™ (Advanced Mechanical Tech-
nology, Inc., Watertown, USA) is used to study the kinematics of the native human
knee joint and the contribution of specific ligaments to overall joint stability [16, 17]. It
can also be used for testing implant components with virtual ligaments represented by
numerical strain-force laws [18, 19].

Based on the experimental data, multibody simulations are used to noninvasively ana-
lyze the knee joint kinematics and serve as a tool for virtual tests of different implant
designs [20-23]. However, the quality of the simulation results highly depends on the
boundary conditions used, and it is still unclear to what extent they fully reproduce the
kinematics of the human knee joint [24]. Especially the parameters used to model the
ligaments are described with a broad range in the literature and significantly contribute
to joint kinematics [25].

Therefore, the aim of our present study is to generate a subject-specific multibody
model of the right knee joint that mimics an experimental setup for investigating the
human knee joint kinematics. For this setup, a knee specimen is experimentally exam-
ined on the VIVO™ joint simulator using different load cases, i.e., passive knee flexion
and various laxity tests, to characterize knee joint kinematics. Additionally, tests are
repeated with a sequential resection strategy of the knee ligaments. Based on medical
images of the human specimen, a complex subject-specific multibody model comprising
ligament structures and contact between articulating cartilage surfaces is generated to
mimic the experimental tests. A more physiological simulation of the human knee joint
kinematics will significantly contribute to several biomechanical questions, such as soft
tissue management during TKA [26].

Results

Experimentally derived knee kinematics

Passive flexion

Figure 1 shows the kinematics over time during the passive knee flexion for the different
resection states of the ligaments. Results were evaluated for the tibia coordinate system
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Fig. 1 Results of the anteroposterior translation, the varus/valgus rotation, and the external/internal rotation
for different resection states during passive flexion and extension. The experimental data shows the position
of the tibia coordinate system with respect to the femur coordinate system in Grood and Suntay convention
[27]

with respect to the femur coordinate system according to the Grood and Suntay conven-
tion [27].

Starting from initial values of 19-22 mm, the anterior translations for all resection
states peaked approximately near the highest flexion value at 12.5 s with maximum
values between 27 and 33 mm before returning to the original initial values with the
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shift back to extension. Resection of the patella slightly reduced anterior translation
during the transition from flexion to extension, whereas the reverse was unaffected.

The varus/valgus curve showed a similar trend for all resection stages. Starting from
a slight valgus position between —2.4° and — 1.5°, the varus angle constantly decreased
until midflexion (30-45° flexion) before it rose to its original value. While resection of
the patella and lateral collateral ligament (LCL) decreased the varus/valgus rotation,
removal of the medial collateral ligament (MCL) increased the rotation by up to 0.5°.

The course of external/internal rotation was similar for all resection states. It started
at the same point at about 1° external rotation, then climbed to a maximum during mid-
flexion before returning to its initial value. The rotation depends on whether it goes into
or comes out of flexion. Patellar resection reduced external rotation by up to 3°. Resec-
tion of the anterior cruciate ligament (ACL) and especially the posterior cruciate liga-
ment (PCL) further reduced the range of external/internal rotation.

Laxity tests

All three translational and rotational degrees of freedom during loading in anteroposte-
rior, varus/valgus, and external/internal directions were recorded over 10 s and averaged
to evaluate the laxity tests. The range of movement is shown via bars in Fig. 2. The upper
end of the bars represents the position for 40 N posterior/5 Nm varus/2.5 Nm inter-
nal loading. A line highlights the position during passive flexion, while the lower end of
the bars represents the position for 40 N anterior/5 Nm valgus/2.5 Nm external loading.
Resection of the patella had no considerable influence on the knee laxity results. With
resection of the ACL, laxity in the anterior direction increased by up to 5 mm for flexion
angles of 30° and 60°. At 90° flexion, the load had to be reduced to 10 N due to the limita-
tion of the working space of the joint simulator. These cases are marked with a triangle
in Fig. 2. Laxity during anterior loading was not changed by the resection of the PCL and
LCL at 30° and 60° flexion. At 90° flexion, the maximum load could not be applied dur-
ing the working space’s limitation. Laxity during posterior loading increased by approxi-
mately 5 mm after resecting the PCL, 5 mm after resecting the LCL, and 2.5 mm after
resection of the MCL at a flexion angle of 30°. The varus/valgus rotation limits at 5 Nm
load showed almost no influence on the patella, ACL, and PCL resection for 30° and
60° flexion angles. However, the resection of the LCL and MCL had a distinct influence
on valgus/varus rotation. Some load cases could not be included due to the specimen’s
instability and are marked with a rhombus in Fig. 2. External and internal rotation lim-
its were not reasonably changed by the patella, ACL, and PCL resection at a 30° flexion
angle. For 60° and 90° flexion angles, resecting the PCL increased the internal laxity by
about 5°. Resection of the LCL resulted in higher external rotation for all flexion angles,
whereas resecting the MCL led to higher external and internal rotation at all flexion

angles.

Numerically derived kinematics of passive flexion

The root mean square error (RMSE) was calculated for the kinematic parameters
obtained from the multibody simulations of the passive flexion cycle to compare the
numerical data with the experimental results. In the case of translational kinematics,
the RMSE was 1.32 mm in the mediolateral direction, 1.61 mm in the anteroposterior
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Fig. 2 Results of the experimental laxity tests, where the upper end of the bars represents the position of the
specimen for 40 N anterior/5 Nm varus/2.5 Nm external load. The lower end represents the position for 40 N
posterior/5 Nm valgus/2.5 Nm internal load. The position during passive flexion is marked in between. The
loads that had to be reduced to 10 N instead of 40 N due to the limitation of the working space of the joint

simulator are marked with a triangle. The trials marked with a rhombus could not be carried out for the same
reason

direction, and 1.34 mm in the superoinferior direction. For the rotational kinematics,
the RMSE was 0.84° for varus/valgus and 2.12° for external/internal rotation.

The data of anterior translation of the tibia with increasing flexion angles derived
from the multibody modeling agreed with the experimental kinematics (Fig. 3). The
varus/valgus rotation displayed the same progression with increasing flexion angle
but slightly different start values and positions during 90° of flexion. For external
and internal rotation, numerical and experimental kinematics showed the maximum
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Fig. 3 Numerically derived data of the anteroposterior translation, the varus/valgus rotation, and the
external/internal rotation compared to experimental results during passive flexion and extension. The
experimental results refer to the resection state without the patella but with all ligaments. Data show the
position of the tibia coordinate system with respect to the femur coordinate system in Grood and Suntay
convention [27]

external rotation at 60° flexion and an external rotation when reaching 90° extension
and the end of the motion. The amplitude of the rotations was in the same range,
whereby the numerical kinematics showed more deviations in the rotation angle.



Henke et al. BioMedical Engineering OnLine (2024) 23:85 Page 7 of 19

40

35

30

25
=
20

15

30 deg 60 deg 90 deg

0
2
—
. T o

30 deg 60 deg 90 deg

10
; . .
-5 .

-10

30 deg 60 deg 90 deg

antero(+)posterior(-)
translation [mm]

varus(+)/valgus(-)
rotation [°]
A

external(+)/internal(-)
rotation [°]
(=]

M simulation E experiment

Fig. 4 Results of the simulated laxity tests with all ligaments intact. The upper end of the bars represents the
position of the specimen for 40 N anterior/5 Nm varus/2.5 Nm external load. The lower end represents the
position for 40 N posterior/5 Nm valgus/2.5 Nm internal load. The position during passive flexion is marked in
between

A maximum contact force during passive flexion of 1000 N was calculated from the
multibody model at a flexion angle of 90°. In general, numerical modeling resulted in
lower laxity of the ligaments (Fig. 4). While the experiments showed a range of laxity
between 6 and 8 mm in anteroposterior direction for different flexion angles when all
ligaments were intact, the numerical model only allowed 2—-3 mm of movement when
applying the same loads. For varus/valgus laxity, the experiments showed a laxity of
about 10°, while in the numerical model, the laxity was reduced to approximately 1.5°
for all flexion angles. Laxity for external and internal rotation was also reduced in the
numerical model from approximately 25° in the experiments to approximately 10° in the
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multibody simulation. The influence of sequential resection could not be further investi-
gated in the numerical model, as the resection of individual ligaments led to significant
instability.

Ligament forces calculated by the numerical model varied between 300 and 550 N dur-
ing passive flexion for the ACL and between 0 and 420 N for the PCL. The progression
of the forces in the cruciate ligaments is shown in Fig. 5. The force in the ACL decreased
with flexion angle, while the PCL force increased with flexion angle. Results for the LCL
and MCL forces are available as Additional file 1 in the Supplementary Information.

Discussion

This feasibility study aimed to investigate individual knee kinematics during different
loading scenarios by generating a subject-specific multibody model that mimics the
experimental data. The measured kinematics during passive flexion and different laxity
measurements were in good agreement with the literature for both native and resected
states. Nevertheless, it has to be noted that the direct comparison with other studies
is only of limited value due to the different and often insufficiently documented posi-
tioning of the joint coordinate systems. In future work the coordinate systems should be
defined as standardized as possible (e.g. using ' REFRAME’ [28]) to ensure better compa-
rability with studies of other groups.

While the kinematics of passive flexion of the experimental testing could be well
reproduced with the multibody model, it showed a reduced range of laxity compared
to the experimental tests. We conclude that the ligament parameters from the literature
used in our study are too stiff to fully represent our experimental test results.

The test results considering tensile loading of the quadriceps femoris tendon showed
increased anterior translation of the tibia during passive flexion. It has been demon-
strated in a previous study that isolated muscle loading affects tibiofemoral kinematics

[29]. Passive flexion induced an anterior displacement of the tibia, primarily caused by
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the tension of the PCL with increasing knee flexion [30]. This displacement could be
seen in the experimentally recorded data and was comparable to data from other groups
[25, 29, 31]. After PCL resection, the translation was less consistent with the literature
[25, 32]. In contrast, removing the ACL increased anterior translation of the tibia, espe-
cially in early flexion.

The patella or the ligaments’ resection did not considerably affect the varus/valgus
rotation during passive flexion. There was a slight increase in valgus rotation after the
resection of the LCL and a slight rise in varus rotation after the resection of the MCL,
corresponding to the ligaments’ physiological directions of action. The resections of the
collateral ligaments resulted in increased valgus and varus rotation, as both the MCL
[33] and the LCL [34] function as stabilisers for varus/valgus rotations in the human
knee joint. This agrees with the literature, where the varus/valgus rotation does not
depend on the flexion angle [35].

External and internal rotation showed the screw-home mechanism when reaching
extension in experimental and numerical data, which is well documented in the lit-
erature [25, 31, 32, 36]. When full flexion of 90° was achieved, an internal rotation of
approximately 4° was also evident in the experimental results. During the last 10° of
extension, a final rotation of approximately 2° could be observed. Resection of the ACL
and PCL reduced the changes in external/internal rotation angle during flexion due to
missing wrapping of the cruciate ligaments. In general, rotation was more internally
rotated after the resection of the ACL, which can be explained physiologically by the
lack of wrapping of the cruciate ligaments around each other. Similar observations were
documented by Markolf et al. [31]. Resection of the collateral ligaments led to a further
reduction in tibial rotation during passive flexion, as the tibial torque was reduced since
at least one of the ligaments is usually under tension throughout flexion movements [37].

Liu-Barba et al. [38] described a correlation between the applied compression force
and the resulting translations and rotations. Different amounts of applied compres-
sion force complicate the comparability between the studies. Increased internal rota-
tion during extension compared with flexion has been similarly documented by Markolf
et al. [31]. Testing with the patella and loaded quadriceps femoris tendon also showed
increased internal rotation, which may be explained by the individually acting lever arms
of the muscle forces and cannot be evaluated with sufficient accuracy without consider-
ing a force effect in the hamstring muscles.

Considering the resection states, the results of the laxity tests agreed with the litera-
ture data [8]. An almost identical AP laxity during the tests with and without the patella
supports the assumption that the differences in kinematics with and without the patella
during passive flexion were due to the load applied to the tendon of the quadriceps fem-
oris muscle. Nevertheless, further studies should be performed to verify this assump-
tion. Resection of the ACL increased the possible translation in the anterior direction,
and resection of the PCL showed a more posterior translation of the tibia as supported
by Willinger et al. [39] and Kennedy et al. [40]. In addition, the possible internal rotation
during laxity tests after resection of the ACL and PCL was higher, especially at large
flexion angles, which is plausible since the wrapping of the cruciate ligaments no longer
restricts internal rotation. Resection of the LCL essentially allowed more valgus rotation,
while removal of the MCL increased varus rotation. In addition, more external rotation
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was possible after the resection of the LCL and more rotation in general after the resec-
tion of the MCL, which can explain the instability of the knee joint. The translation
values during anterior and posterior loading of the intact preparation were lower than
those of Moslemian et al. [36]. However, they agreed well with the data of Pedersen et al.
[8]. On the other hand, the values of varus/valgus and external/internal rotations were
comparable to the results of Moslemian et al. [36].

Nevertheless, the comparison is limited because the applied loads and the definition
of the coordinate systems may differ in several studies. More precisely, the loads applied
in this study were reduced by 50% compared to those documented in previous literature
[8, 16, 17]. This modification was necessary as initial trials with increased loads exceeded
the machine’s working space after multiple resections due to rising laxity.

A multibody model of the tibiofemoral joint has been created to mimic the experimen-
tal kinematics during passive flexion and laxity tests. The RMSE was considerably low
for all degrees of freedom. Hence, a good agreement was reached between experimental
and numerical kinematics. The range of motion of the tibial anteroposterior translation
in the simulation was slightly lower compared to the experiment. This could be due to
stiffer cruciate ligaments in the multibody model restricting the range of motion.

The varus/valgus curve also showed a similar curve in the multibody simulation.
However, it started with about 1.5° more valgus rotation. Contrary to the experimen-
tally measured data, whether the flexion angle was approached from flexion or extension
was also not essential in the multibody model, as the values do not differ. This is a gen-
eral difference in comparing the kinematics between the experiment and the multibody
model, which becomes even more apparent when considering the external/internal rota-
tion. While the numerical curves show a symmetry axis in the middle of the load cycle
(at 12.5 s), the experiment’s results differ between the extension and flexion phases. This
may be due to the neglected time dependency of the ligament properties. The reduced
range of motion in rotation in comparison to the literature was also reflected by the
model. The resection of a single ligament led to a considerable imbalance in the simula-
tion, which the remaining ligaments could not compensate for.

While the same progression of change in the ACL and PCL force over passive flex-
ion was shown in other models [25, 41-43] and experimental studies [43], the value of
the forces in the simulation is considerably higher. The decreased range of movement in
simulated laxity tests indicates that ligament forces in the model are much higher than
in the experiment. Too high ligament stiffness is probably the reason for model instabili-
ties in the simulation of the individual resection stages. This points out the necessity for
further optimization of ligament modeling.

Some limitations of our feasibility study have to be taken into consideration. First,
only one human specimen was tested, which does not provide a statistical indication of
the reproducibility of the tests. This specimen was preconditioned before the start and
rewetted at regular intervals between the experiments to ensure the same test conditions
before each test. Nevertheless, it can not be excluded that the physiology changed over
the testing period of eight hours. The friction properties of the contact surfaces on the
preparation may also have changed over time. Physiological lubrication conditions were
assumed in the tests on the intact specimen. After patellar resection, the contact sur-
faces were continuously wetted with sodium chloride to prevent them from drying out.
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However, this may also have an influence on the friction properties of the preparation
due to different properties compared to human synovial fluid [44]. In the experimen-
tal setup, when testing the intact joint, only the quadriceps muscles were loaded over
the patella and only with a constant force, while the posterior muscles were neglected.
When performing the tests, only the joint reaction forces were controlled. However, we
do not have any information about the actual contact forces acting in the joint, which
would have been beneficial for the subsequent validation of the multibody model.
Regarding the multibody model, limitations were mainly associated with ligament
modeling and tibiofemoral contact. While being three-dimensional organic structures,
ligaments were modeled as one-dimensional force spring elements. However, according
to the literature [37], this assumption is legitimate to simulate the ligaments accurately.
The multibody model does not use time-dependent force elements for the ligaments,
whereas in-vivo, this property can be attributed to the viscoelasticity of the ligaments
and the cartilage [45]. As this may be a reason for differences in the symmetry of the
kinematic, the influence of time dependence when modeling the ligaments should be
investigated in the future. Wrapping the ligament around bones or other soft tissues was
omitted. In future work, the virtual ligament model of the joint simulator shall be used,
which does not provide such wrapping around obstacles [46—48]. In addition, previous
studies [37, 49] showed that the absence of wrapping is essential for non-physiological
loading and movement scenarios, which were not investigated in this work. Moreover,
identifying suitable ligament parameters is still challenging as the reported parameters
in the literature are inconsistent [37]. The results of the numerical laxity tests indicate
that the entire ligament apparatus is slightly too stiff to reproduce the experimental
investigations more accurately. The computation of ligament force as Wismans’ method,
which does not consider viscoelasticity, is also predefined by the virtual ligament mod-
eling used in the joint simulator. This factor could explain the observed asymmetry in
the experimental studies, which was not replicated numerically. The current model is
also limited by the contact implementation, where the menisci are neglected, and vis-
coelasticity is missing at the contact element between the femoral and tibial cartilage.
In addition, fluid effects, which have an influence on contact mechanics in numerical
studies, are not considered by the contact element used [50, 51]. Furthermore, the para-

metrization of contact modeling is always a challenge in biomechanical simulations [37].

Conclusions

In our feasibility study, a human fresh-frozen specimen was successfully investigated
experimentally on a complex six-degree-of-freedom joint simulator with passive flex-
ion and different laxity tests under sequential ligament resections. A subject-specific
multibody model of the tibiofemoral joint was generated and showed good agreement
with the experimental kinematics during passive flexion. Differences in the laxity tests
between the multibody model and the experimental investigations suggest that ligament
parameterization is still challenging and needs further improvement. Even with a good
kinematic agreement between experiment and simulation for the passive flexion, it is
necessary to validate multibody models with different load cases that especially consider
the stiffness of specific ligaments, such as laxity tests. Currently, a multibody optimiza-
tion algorithm is developed to determine subject-specific ligament parameters using the
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experimental results obtained in this work. By coupling the multibody model with an
optimisation algorithm, the ligament parameters will be iterated until the error between
the experimentally determined kinematics and the calculated model kinematics is mini-
mized [14]. These ligament parameters can be used in future experimental studies using
the joint simulator and in computational investigations of knee joint dynamics under
different loading scenarios.

Methods
Experimental testing
Ethical approval was obtained from the Institutional Review Board (A 2023-0055) for
our experimental testing. Before preceding the experiments on the VIVO'™ joint sim-
ulator, a fresh-frozen human specimen (male, 76 years, 56.7 kg) of the right knee was
analyzed by computed tomography (SOMATOM Perspective, Siemens Healthineers,
Erlangen, Germany). Based on these data, bone structures of the fibula, tibia, femur as
well as the femoral cartilage structures were segmented and reconstructed with the soft-
ware Amira 5.4.1 (Thermo Fisher Scientific, Waltham, Massachusetts, USA and Zuse
Institute Berlin, Berlin, Germany). The tibial cartilage was measured and digitised with
an Artec Space Spider 3D scanner (Artec 3D, Senningerberg, Luxembourg), as it was
not possible to clearly distinguish between tibial cartilage and menisci during the seg-
mentation process using the CT scan of the frozen specimen. All cartilage surfaces were
processed in Geomagic Studio 2013 (3D Systems, Rock Hill, South Carolina, USA). Joint
coordinate systems were defined according to the literature [52—54]. Relative motion
between the femur and tibia was defined in Grood and Suntay coordinates [27]. In Fig. 6,
a brief overview of the convention of Grood and Suntay is depicted based on [27].

Two actuators realize the movement of the joint simulator. The upper actuator
consists of an abduction arm coupled with a flexion arm, thus enabling two rota-
tions (flexion/extension, varus/valgus-rotation). The lower actuator, the xyz table, can

external (+) varus (+)
internal(-) valgus (-)

. flexion (+)
superior extension (-)

/ate
A
inferior a/

Fig. 6 Depiction of the femoral and tibial joint coordinate systems, with the flexion/extension axis fixed

to the femur coordinate system, the external/internal rotation axis fixed to the tibia coordinate system and
the varus/valgus rotation axis defined as a floating axis perpendicular to these two according to Grood and
Suntay [27]
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perform three translations and one rotation around the vertical axis (internal/exter-
nal). During the test, a kinematic loop equation maps the movements of the machine’s
hydraulic actuators to the Grood and Suntay coordinates in real time [55]. The knee
was aligned in the joint simulator to match the previously defined femoral and tib-
ial joint coordinate systems. Thus, the knee joint flexion axis corresponded to the
joint simulator’s flexion axis. For fixation, the femoral and tibial bones were resected
proximally and distally and embedded in fast-curing resin GP 010 (G6f] und Pfaff,
Brautlach, Germany) to ensure the correct positioning (Fig. 7). VIVO™Ss degrees of
freedom, as well as the experimental setup, are depicted in Fig. 7.

Regarding the experimental protocol, the human specimen was thawed for twelve
hours before testing. Afterward, the specimen was moved with 20 cycles of passive
flexion to precondition the soft tissues [55]. Different resection states were per-
formed, and simultaneous knee joint kinematics were recorded during the passive
flexion and laxity tests. Before each recording, the specimen was moved with at least
two cycles of passive flexion for preconditioning purposes. To simulate passive flex-
ion, the flexion axis of the simulator was position-controlled with a prescribed flexion
angle as a sine wave with a period 25 s for a cycle between full extension (0°) and flex-
ion (90°). The two other rotational degrees of freedom, the varus/valgus rotation and
the tibial internal/external rotation, were torque-controlled to a constant value of 0
Nm.

In comparison, the three translation axes were force-controlled to 0 N for the two
horizontal axes and to 50 N for the vertical axis representing a compressive load.
The same compressive load was applied for the laxity tests, while flexion angles of
30°, 60° and 90° were prescribed. Precisely, loads in anterior/posterior, varus/val-
gus, and external/internal directions were applied for 10 s, according to Table 1. At
the same time, forces and torques of all other degrees of freedom were force- and

flexion arm

abduction arm

patellaload |Egumd

femoral fixation Eemmd

tibial fixation

™

Fig. 7 lllustration of the various degrees of freedom of the VIVO ™™ simulator (left) with the upper actuator
enabling two rotations, one with the flexion arm (red) and one with the abduction arm (blue). The lower
actuator has one rotational and three translational degrees of freedom (green). The experimental setup (right)
has the femur and tibia attached to the upper and lower actuators of the VIVO™ joint simulator. The constant
tensile load was applied to the patella via a cable
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Table 1 Overview of the load cases with applied flexion angles and forces/torques for passive
flexion, anterior—posterior (AP), varus/valgus (VV) and internal-external rotation (IE) laxity test

Load case Flexion (+)/ Varus(+)/ External (+)/ Medial (+)/ Anterior (+)/ Superior
extension valgus (—) internal (—) lateral (—) posterior (—) (+)/inferior
(=) Rotation (=)
Passive Flexion  0-90° (sine) ONm ONm ON ON — 50N
AP-Laxity 30°,60° 90° ONm ONm ON +40 N — 50N
VV-Laxity 30° 60° 90° +5Nm ONm ON ON — 50N
|E-Laxity 30°,60° 90° ONm +25Nm ON ON — 50N
Intact joint ] Patella ] ACL PCL ] LCL MCL ]
* Passive * Passive * Passive * Passive * Passive * Passive
flexion flexion flexion flexion flexion flexion
« Laxity « Laxity * Laxity « Laxity « Laxity

tests tests tests tests tests

Fig. 8 Protocol for the sequential resection states during the experiment with passive flexion and laxity tests
performed. Knee joint kinematics was measured at every resection state (except where the joint became too
unstable or exceeded the machine’s workspace)

torque-controlled to 0 N and 0 Nm, respectively. The data were generated with 100 Hz
frequency and smoothed using a four-pole Butterworth filter. The applied loads were
adapted from the literature [8, 16, 17].

For all tests of the knee specimen before the resection states, the patella was loaded
via the quadriceps tendon with a constant tensile force of 20 N to stabilize the patella
during testing [56]. The first resection state included resecting the patella and, thus,
the quadriceps load. After repeated testing, including passive flexion and laxity tests
according to Table 1, further resection states include the anterior cruciate ligament
(ACL), the posterior cruciate ligament (PCL), the lateral collateral ligament (LCL)
and the medial collateral ligament (MCL) (Fig. 8).

Multibody model

The multibody model of the tibiofemoral joint was generated in the software Sim-
pack (v2022, Dassault Systemes, Vélizy-Villacoublay, France) to mimic the previously
described experimental setup. The reconstructions of the CT dataset were used to set
up a multibody topology with the femur and tibia. The multibody simulation did not
include the patellofemoral joint, as the additional contact considerably increases the
complexity. The femoral and tibial coordinate systems were implemented according
to the experiment.

Regarding the multibody topology, the femur was fixed in the world coordinate sys-
tem. A five degrees of freedom joint with contact between femoral and tibial cartilage
was defined to connect the tibia to the femur so that the flexion could be specified
at any time. The five degrees of freedom were set according to their state of equilib-
rium depending on internal (contact) and external (ligaments) forces. Ligaments were
modeled as non-linear spring force elements according to Wismans et al. [57], and
Blankevoort et al. [58], with the exerting force defined by
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02 e <0
f=9 1% 0=e=<2e, (1)

ke —e) > 28

where ¢ is the strain, k the stiffness and ¢; a constant set to 0.03 [59]. The strain can be
calculated with

I—1
e=—2 @)
lo

where [ is the actual length of the ligament and /y is the slack length of the ligament.
Accordingly, the slack length can be calculated from the reference length /. and the ref-
erence strain &,

Iy
lp = .
0 e +1

(3)

Regarding the multibody model, the ACL and PCL, the LCL, and the MCL are
divided into a superficial and deep medial collateral ligament (sMCL, dMCL) and the
oblique popliteal ligament (OPL) consisting of two bundles each (anterior and poste-
rior bundle). Additionally, one bundle each was added for the posterior oblique liga-
ment (POL), the arcuate popliteal ligament (APL), and medial and lateral posterior
capsular structures (mCAP, ICAP). Ligament insertion points were identified using
the CT data, literature [60—63] and bony landmarks and were approved by an expe-
rienced board-certified orthopedic surgeon. The mechanical parameters of the liga-
ments used in the simulation are based on a previous study [20] and are summarized
in Table 2.

Table 2 Ligament parameters for stiffness k, reference strain &, and reference length /; used in the
multibody simulation for this study

Ligament Stiffness k [N] Reference strain &, [%] Reference
length /,
[mm]
ACla 1000 10 318
ACLp 1000 3 229
PClLa 3000 —10 324
PCLp 1500 -3 311
LClLa 2250 —25 744
LCLp 2250 8 745
sMCla 4000 4 934
sMCLp 1500 4 944
dMCla 1500 2 29.7
dMClp 2000 -7 328
OPLa 1250 6 832
OPLp 1250 6 85.5
mCAP 2500 5 589
ICAP 2500 5 60.9
POL 2000 5 395
APL 1500 4 80.8
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Fig. 9 Multibody model of the right knee joint after patella resection during different phases of

passive flexion for 0°, 30°, 60°, and 90° with ligaments in yellow and contact surfaces in blue. A five
degree-of-freedom rheonomic joint forces a rotation of the tibia around the femoral flexion axis (x-axis). In
addition to contact and ligament force elements, a constant compressive force (F) of 50 N was applied

To consider the interaction of the articulating surfaces, a contact force element
between femoral and tibial cartilage was defined using an elastic foundation model
according to Hippmann et al. [64]. The compressive force of 50 N in the experiment
and the loads required for the laxity tests were applied via external force elements in
the multibody model. Gravity was neglected to mimic the experimental setup. Figure 9
shows the multibody model of the right knee with the prescribed flexion angle for pas-
sive flexion.

List of symbols
/ Actual ligament length

lo Slack length of the ligament

Ir Reference length of the ligament

k Ligament stiffness

& Actual strain of the ligament

& Transition strain—transition from quadratic region to linear region for 2¢,
& Reference strain

Abbreviations
TKA Total knee arthroplasty

ACL Anterior cruciate ligament
PCL Posterior cruciate ligament
LCL Lateral collateral ligament

MCL Medial collateral ligament

sMCL  Superficial medial collateral ligament
dMCL  Deep medial collateral ligament

POL Posterior oblique ligament

APL Arcuate popliteal ligament

mCAP  Medial posterior capsular structures
ICAP Lateral posterior capsular structures
RMSE Root mean square error
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