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Abstract Meniscus injuries are increasingly being treated using arthroscopic surgical techniques, and
isokinetic measurement is commonly used to assess return of knee joint function. Accurate estimation of
tissue loading in the knee joint requires the use of models tailored to the gender of the patient, as anatomical
differences between men and women have previously been shown to affect the results of similar studies.
This paper describes developing the model to analyse knee loads among patients with meniscus injuries
treated with a novel surgical technique. Personalized patient data were collected from their knee magnetic
resonance imaging scans and knee isokinetic measurements performed at 60 deg/s angular velocity. The
knee joint loads estimated with the model proposed in this work demonstrated higher compressive forces
in the knee joint, indicating the need for greater caution when using isokinetic measurements safely after
meniscus-save arthroscopy surgery.

Keywords: isokinetic test, magnetic resonance imaging, meniscus injury.

1. Introduction

Since it is well established that meniscectomy is associated with early degenerative osteoarthritis, meniscal
repair procedures are suggested whenever possible. Different strategies for meniscus suturing have been
described, including all-inside arthroscopic augmentation techniques for meniscal repair that
demonstrated to be safe and can offer an additional tool to save the meniscus in patients otherwise
scheduled for meniscal removal [1].

Advances in rehabilitative techniques have also been observed in patients with meniscal injuries.
Currently, isokinetic evaluation is one of the standard assessments of the requirements that the patient
must meet to qualify for the next stage of phase-based rehabilitation protocols, especially when more active
and strength-required exercises will be introduced [2]. However, during the isokinetic test (IT), the forces
acting on the knee joint are very high due to the high external loads applied to the limb and the low
movement angular velocity [3], so it is necessary to optimally calculate the forces that actually act on the
patient's joint during isokinetic movement and to try to relate the peak torques recorded during the
isokinetic test to the forces acting on the joint during activities of daily living, such as walking or jumping.

Several models were developed to assess knee loads and calculate tibiofemoral and shear forces,
including three-dimensional FEM (finite element method) models [4], in vitro cadaver models, models
driven by EMG (electromyography) [5-7] and analytical models [8-10]. Analytical models, like the one
presented in current study, are the least expensive and the least time-consuming techniques to apply in
everyday practice [11].

Unfortunately, previously published models have some limitations: for example, they neither take into
account the measurements from MRI scans nor include up-to-date knowledge regarding displacement of
the point of contact between the tibia and femur, and the angular orientation of the patellar tendon [9, 10,
12, 13]. Since now it is possible to individualize the biomechanical model based on the patient’s MRI scan,
itis necessary to update the analytical models. The prime reason is that it might affect the magnitude of the
forces calculated using the analytical model and the instants of their occurrence.

1of 12


https://orcid.org/0000-0002-0409-3123
https://orcid.org/0000-0002-8110-1473
https://orcid.org/0000-0001-9211-6235
https://orcid.org/0000-0003-0555-2608
https://orcid.org/0000-0002-9575-2074

Vibrations in Physical Systems, 2025, 36(1), 2025117 DOI: 10.21008/j.0860-6897.2025.1.17

Therefore, we developed and verified an analytical novel personalized mechanical model to predict the
magnitude of the knee tibiofemoral and shear forces. The developed model aims to reformulate the
conditions under which an isokinetic test can be performed to assess the rehabilitation process of patients
treated due to medial meniscus tears. The current model overcomes limitations previously described and
was adjusted to the sex of the patient, as it has previously been proven that anatomical differences between
men and women affect the results of similar studies [14]. Since the current model will be applied for the
analysis of knee loads in a group of meniscal injury patients treated with a novel operative technique that
performs the biomechanical evaluation as a standard assessment, we verified it for the concentric isokinetic
movement of knee extension.

2. Methods

The model developed in this study was verified in a group of six patients (3 male, 3 females, mean values
and standard deviation - aged 45.7 + 3.7 years, weight 77.7 + 16.9 kg, and height 175.2 + 4.5 cm) treated
for a medial meniscus tear, without lateral meniscus lesions, according to the surgical technique presented
by Piontek et al. [15], one year after arthroscopy. This procedure is a standard approach in Rehasport Clinic
FIFA Medical Centre of Excellence in Poznan, Poland [1], therefore we verified knee loads after this
particular surgical procedure. All data were collected retrospectively from a sample of previously
conducted studies approved by the Bioethics Committee of the Medical University of Poznan [1, 15].

2.1. Model concept

We developed the model based on data from the MRI scans and the raw IT data. Combining them, we
calculated the tibiofemoral force throughout the ROM (range of motion) of knee isokinetic extension based
on muscle torque measured on an isokinetic dynamometer. The model is called TFITIMD (Tibiofemoral
Force Isokinetic Test Individual MRI Data). To calculate the tibiofemoral forces, we formulated a two-
dimensional mechanical model of the shank and tibial articular surface during isokinetic knee extension.
We expanded the model presented by Masouros [16] and analysed the movement in the sagittal plane only.
The shank displacement is a function of the knee extension angle. The extension was defined as a change in
angle between the tibial long axis and femur long axis from 90° (starting position) to 180° (extended knee),
performed in a sitting position with a constant angular velocity of 60°/s and measured with an isokinetic
dynamometer. TFITIMD model is presented in Fig. 1, where XZ and xz denotes stationary and movable
coordinate systems, respectively, where the x axis defines the tibial plateau and z axis (perpendicular to the
x) passes through the centroid of the proximal tibia cortical bone outline found in the MRI transversal plane.
The characteristic points of the model, especially places where the key forces for the model are applied are
described in the Fig. 1. The main forces applied to the model are: F - the force exerted by the isokinetic
dynamometer lever on the lower leg preventing limb acceleration, Frr - the reaction force between the
femur and tibia (assumed as perpendicular to the x), Fg - the reaction force between the femur and tibia
(shear force, parallel to the x), Fpr - the force acting in the patellar tendon, Q - the weight of the shank and
tibia. Angles marked in Fig. 1 are: ¢ - knee extension angle, S (@) - the angle between the tibial long axis
(Ikp) and the direction of the patellar tendon as a function of ¢ calculated using the data from a previous
study [17] and measurements made on MRI scans (see Egs. (1) - (3)), « - the angle between Iy and the z
axis, measured for the extended knee based on the MRI image, 4, - the angle between the tibial long axis
and the vertical direction (Z axis of the global immoveable coordinate system), y, - the angle between the
tibial plateau and the horizontal direction (X axis of the global immoveable coordinate system); 4, and y,
were measured individually for each patient in the final position (extended knee) based on the MRI scans.
Ixp is the tibial long axis’s connecting point S with the centre of the ankle; it can be designated according to
a previous study [17] in which the tibial long axis was localised in the sagittal plane as a line parallel to the
posterior wall of the tibial shaft, passing through the middle of the tibial spines. Two-dimensional models
of the knee joint do not take into account the screw-home motion (SHM) involving the external rotation of
the tibia relative to the femur during the final stages of knee extension. The SHM contributes to knee
stability by tightening the cruciate ligaments, particularly during activities such as gait and squatting. This
tightening increases the forces in these ligaments, which, in consequence, affects the reaction forces in the
knee joint. The SHM is most significant during the last 20 degrees of knee extension [18, 19].
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Figure 1. The model of the knee joint during extension on an isokinetic dynamometer in the starting
position (¢ = 90°). A - patellar tendon attachment, C - the centre of mass for the shank and tibia segment,
D - the intersection of the direction of force F with the tibial long axis, O - the movable point of contact
between tibial and femur articular surfaces, P - the projection of a patellar tendon attachment on the x
axis, S - the centre of the tibial plateau (the intersection of the tibial long axis with the x axis), K - the
geometric centre of the tibial outline in the first transverse plane fully under the cartilage on MRI scan,
Ixp - the tibial long axis.

2.2. Measurements based on MRI scans

Distances essential to the model were measured based on T1-weighted time spin echo unilateral MRI scans
of operated knee joints, with resolution of 384 x 384 px and layers spaced 3 mm apart, made in the sagittal,
coronal and transversal planes. To introduce the coordinate system in the tibia, we applied the methodology
presented by Beynnon et al. [20] (Fig. 2). The DICOM images were viewed and analysed using free software
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Figure 2. Coordinate system in MRI image according to the applied methodology.
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2.3. Measurements based on isokinetic tests

Data for IT analysis was collected from the knee isokinetic raw data of each patient. Three repetitions of
knee isokinetic flexion-extension movements were performed in concentric-concentric mode at 60°/s. The
measurements were performed at the clinic, according to the test procedures presented in a previous study
[21]. The raw data from those evaluations were exported to a text file. Subsequently, data were imported to
MATLAB software and filtered with third-order lowpass IIR filter, passband frequency of 0.1 Hz and with
compensation for frequency-dependent delay.

2.4. Model description

The model was developed to analyse a rotation of the shank and foot where the thigh is a stationary solid.
The shank is a rigid body with symmetric mass distribution around the tibial long axis, where the centre of
mass is located on the tibial long axis. The location of the point of contact between tibia and femur (point
0) changed during knee extension and its location was calculated based on empirical studies from the
literature [22]. The centre of mass of the shank and foot (point C) is located 44.16% and 44.59% along the
longitudinal length of the tibia, calculated from the axis of the knee joint for females and males, respectively
(distance dgc, between the x axis and the point C) [23]. The weight of the shank and foot was marked as Q;
the mass of the shank and foot was calculated as 6.1% and 5.7% of the body mass for females and males,
respectively [23]. The extension of the knee joint is caused by the force exerted by the patellar tendon Fpr,
acting pointwise on the tuberosity of the tibia, which is the patellar tendon attachment (point A). The lever
of the isokinetic dynamometer acts on the shank with force F applied pointwise perpendicular to the tibial
long axis. F can be calculated based on the torque registered by the dynamometer and the distance between
the knee’s axis of rotation and the point at which force F is applied (knee attachment/lever of the isokinetic
dynamometer is fixed proximally to the medial malleoli). The force acting on the tibial articular surface has
two components: the force normal to the tibial articular surface (Ftg) and the shear force (Fs) that is
assumed to be parallel to the tibial articular surface. Due to the very low coefficient of friction (ranging from
0.01 to 0.09 [24]) the friction forces occurring in the knee joint are small, therefore Fg mainly represents
the forces acting in the cruciate ligaments [25].

In order to determine the value of § (Fig. 1) for every knee flexion angle ¢, we applied a second-order
polynomial approximation to the results presented in the study of Varadarajan et al. [17] for the sagittal
plane angle measured for the central part of the patellar tendon. Based on that, we formulated two
equations, which estimate the value of angle 8 throughout the ROM during knee extension:

Mpoa(@) = —0.0011 - 92 + 0.54 - ¢ — 43, 1)

where Mmod is the sagittal plane angle for the central part of the patellar tendon among men expressed in
degrees, @ is the knee flexion angle.

Winoa (@) = —0.00125 - 92 + 0.62 - ¢ — 48.5, (2)

where Wiod is the sagittal plane angle for the central part of the patellar tendon among women expressed
in degrees, ¢ is the knee flexion angle.

In order to adjust the values of angle £ to the individual anatomy of the patient, two values were
measured on the MRI scans, S, and @.,,- The value of (@) was calculated as follows:

BP) = Muoa(9) + Bmri = Mmoa(Pmri)) (552, (3)

where By, is the angle between [, and the patellar tendon and ¢,,; is the angle between [, and the femur
long axis in the position presented in the MRI image. All angles were expressed in degrees.

Most of the distances essential to the model, like PS and AP, were constant during movement and were
measured for the extended knee directly on the MRI image. Distances, like dgc and dgq, were varying during
knee extension. The distance dgp between the x axis (tibial articular surface) and the position at which force
F is applied to the shank by the lever of the isokinetic dynamometer measured in the direction of the z axis
was calculated based on the height of the patient and data presented in the study [26], where the tibial
length (from the malleolar tip to the lateral condyle) was calculated based on patient’s height. dgg is the
distance between the [, axis and the point of contact between the tibia and femur (point 0), measured in
the direction of the x axis. The distance can take positive and negative values and changes with knee flexion,
due to movement of point O (the x coordinate of point S is constant).

Displacement of the contact point during knee extension is very similar on the medial and lateral
condyles within the knee extension range of 90° to 180° [22]. In order to determine the value of
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displacement of the contact point for every knee flexion angle c(¢), we applied a second-order polynomial
approximation to the measurements for the medial condyle presented by Qi et al. [22].

It was assumed that the extreme position of the contact point (position for the extended knee) is located
6% along the anterior-posterior length of the tibia, in the anterior direction (positive direction of the x axis)
from the origin of the coordinate system. 6% is the average location of this point on the medial and lateral
condyles [22].

To calculate dgy we applied the results of the study [22] and the measurements performed on the MRI
image, then:

dso = Xgmri — Xo (@) [mm], (4)

Xo(p) = xof = ¢(¢) [mm], (5)

where xg,, is the x coordinate of point S, measured directly on the MRI image and x is the x coordinate of
point O in the extreme position, calculated as 6% of the anterior-posterior length of the tibia. c(¢) is the
displacement of point O:

c(p) = —0.00051 - ¢* + 0.038 - ¢ + 10.5 [mm]. (6)

2.5. Formulation of equations

The torque measured by the isokinetic dynamometer was balanced by the torque exerted by the patellar
tendon attached to the tuberosity of the tibia, so that the movement of the shank and foot has a constant
angular speed. We formulated the dynamic equation for the movement of the shank and foot centre of mass
(point C):

- = - —
mag = F + Q +FTF+ F5+ FPT (7)

k=180"+A,——

A 0
A . N \

Figure 3. [llustration for: a) the equations determination for the knee flexed by the ¢ angle,
b) angles calculation for knee flexed by the ¢ angle.

During extension of the knee from the starting position, the angular relations and the values of forces
presented in Fig. 1 and Fig. 3 are functions of angle ¢. Those changes were included in the motion equations.
The angular momentum equation for rotational motion was formulated as follows:

a? =2
Jeos =Mc = Ms +|SCxmac |, (8)

where Jcis the mass moment of inertia of the shank and foot with respect to the foot and shank mass centre
C, and m is the mass of the foot and shank.
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It was verified that the term mag is negligibly small compared to other forces (and nearly parallel to
segment CS). Moreover, if the angular velocity is constant in the IT, then angular acceleration vanishes. The
moment of forces with respect to point S (centre of tibial plateau) is computed since this point is well defined
and can be precisely localised on MRI scans. The following forces can be derived from Egs. (7) and (8):

Frp = (F - |dsp| + F - |PS| - sin(a) — mg - |PS]| - sin(k) — mg - |dgc| - sin(A — ¢ +90°) +
1 9)

dso—|PS|-|AP|tg(a—B)’

+F - |AP| - sin(a) - tg(a — B) —mg - |AP| - sin(k) - tg(a — B)) -

Fs = (—=F - |dsp| + |AP| - (F - cos(a) + mg - cos(k)) + |PS| - (F - cos(a) + mg - cos(k)) -

1 1
ctg(@ — B) = F - dso - cos(B) - 5o s 10

+mg - dgc - sin(A — (¢ — 90°))) -

—mg-dso-cos(a—fB +k)-

1
|AP|+(|PS|-dso)-ctg(a—h)’

2.6. The verification procedures and data analysis

Shear and tibiofemoral forces calculated with TFITIMD were compared to forces calculated with the model
previously described by Nisell et al. [10] and widely applied in the estimation of joint forces during knee ITs
(referred to as Nisell’s model) (Fig. 4). Four parameters were verified: tibiofemoral peak force (Fyg), shear
peak force (Fs), angle at peak of tibiofemoral force (Atr) and angle at peak of shear tibiofemoral force (4g).
Tibiofemoral and shear peak forces were expressed in [N] and in relation to the body weight [BW]; angles
were presented in degrees. Descriptive statistics of these parameters were calculated. Normality of
distribution of the parameters was verified using the Shapiro-Wilk test. To verify our model, we analysed
whether there were any differences between values of forces and angles calculated with TFITIMD and
Nisell’s model. The differences were tested with the Student’s t-test for independent samples or with the
Mann-Whitney U, when Levene’s test (analysing the equality of variances of the analysed parameter) was
statistically significant. PQStat 1.6.2. statistical program was used for all statistical analysis, and the
significance level a was assumed at 0.05.

3. Results

Only for predicted absolute Frg, predicted Ay, absolute Fg we cannot reject the hypothesis that the distribution
of the parameter aligns to normal distribution (the p-value is larger than a) (Tab. 1).

Values of absolute and relative tibiofemoral knee forces predicted with our model were significantly higher
when compared to values calculated using the Nisell model (mean difference for absolute Frg was 432.04 N, p =
0.026, and mean difference for relative Frg was 0.594 BW, p = 0.047, respectively). Levene’s test confirmed a
violation of the assumption of equal variances for predicted absolute Fg and predicted Ag (Tab. 2). Absolute shear
forces were significantly higher when predicted with our than Nisell’s model (mean difference for absolute Fg was
12475 N, p = 0.017). Although our model also predicted higher knee relative shear force, no significant
differences were noted when compared to the Nisell’s model (mean difference for relative Fg was 0.15 BW, p =
0.093). When comparing the angle at which the peak torque occurs, it can be noted that for tibiofemoral normal
and shear forces the peak appear later and earlier, respectively if the prediction was done with our model. However,
these observations were not confirmed to be statistically significant.
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Figure 4. Normal (left) and shear (right) tibiofemoral force during three isokinetic knee extensions
calculated with the model developed in the current study (TFITIMD) and with Nisell model adjusted for
this study. Three top graphs (a - c) present data for women, three bottom graphs (d -f) present data for

men. Zero force values between first and second and second and third knee extension represent the time
when a patient performed knee flexions, applicable for neither presented nor Nisell model.
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Table 1. Absolute and relative values of calculated peak normal (Frg) and shear (Fs) tibiofemoral force,
their occurrence at extension angle reported as mean (standard deviation) for three test repetitions.
Data for model presented in this study (TFITIMD) and for model adapted from Nisell et al [10].

Peak Peak torque Force
torque [Nm/kq] Prediction Frr [N] Fre [BW]  Arg [°] F5 [N] Fs [BW] Ag [°]
[Nm] & Model
Current stud 2970 3.93 132 666 0.889 150
Mean  111.31 y (625) (1.04) (6.83) (162) (0.310) (10.7)
1.42 (0.27)
(SD) (28.22) Nisell et al 2538 3.34 128 545 0.739 156
' (475) (0.646)  (12.3) (67.9) (0.197) (15.5)
Current study 946 1.03 5.17 247 0.325 11.6
IQR 94.7 0.87
Nisell et al. 498 0.625 10.5 115 0.375 28.3
Min- 76.72- Current study 1966-4089 2.20-5.70 119-149 379-915 0.400-1.50 134-173
' 0.94-1.81
Max 171.42 Niselletal.  1964-3592 2.00-4.10 106-162 431-647 0.500-1.00 137-177
; Current study 0.970 0.944 0.935 0.963 0.923 0.942
Shapiro -, 494 0.945
-Wilk W Nisell et al. 0.902 0.865 0.897 0.935 0.834 0.840
: Current stud 0.807 0.339 0.238 0.669 0.147 0.311
Shapiro 4 0.349 y
-Wilk p Nisell et al. 0.063 0.015 0.052 0.235 0.005 0.006
Table 2. Between-model comparison for all predicted values.
L Mean SE Statistic Effect Lower  Upper
b,c
Test Statistic  df p difference difference measure Size 950%d 950%d
Frg [N] t 2.34 340 0.026 432.044 184961 Cohen'sd 0779  0.066 1.472
Fep [BW] t 2.06 340 0.047 0.594 0.288 Cohen'sd  0.688  -0.013 1.371
Aee [] t 1.16 340 0.253 3.850 3.308 Cohen'sd 0388  -0.283 1.048
TF
U 87.0 NA 0017 124.750 NA Rank biserial = , 5 NA NA
Fg [N]a correlation
Fy [BW] t 1.73 34.0 0.093 0.150 0.087 Cohen'sd 0577  -0.112 1.250
Ag[°] @ U 1325 NA 0359  -4.213 NA Rank biserial ;o NA NA
correlation

alevene's test is significant (p <.05), suggesting a violation of the assumption of equal variances

bStudent’s t
¢ Mann-Whitney U
d4959% confidence interval

4. Discussion

The presented approach allows the calculation of the tibiofemoral force in the entire ROM available in IT in
an individualised way. Distances measured on MRIs, which is an individualised feature, were used in the
model, while two parameters (5 and dgg) were averaged for the bigger group based on fluoroscopic studies.
Thus, TFITIMD allows the estimation of tibiofemoral force based on data usually collected in the treatment
process, like the muscle torque measured in knee IT, static MRI scan of the extended knee, and basic patient
features (height and body mass). Another advantage is the simplicity and low cost of the model, since every
step is reproducible with freely available software. Previous models do not analyse interindividual features
that affect forces acting in the knee [12, 27, 28] or use optimization methods and specialized software [9],
[27, 29], making them difficult to apply in everyday practice. Furthermore, the TFITIMD model
differentiates the calculations according to the sex of the patient (f, dsp distance and MRI measurements
are sex-specific), unlike the previous studies [12, 27].
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The results of our study show that IT at 60°/s for patients, especially in the early postoperative period,
should be carefully discussed, as patients treated due to meniscus lesions can generate high muscle torques
(up to 1.38 + 0.68 Nm/kg [30]) as soon as 4 weeks postoperatively. These torque values are comparable to
the values achieved by patients analysed in the current study 12 months postoperatively (1.42 + 0.27 Nm/kg,
Tab. 1). The main component of the tibiofemoral force is normal to the tibial plateau, distributed mainly in
the tibia. The peak normal force calculated in our study is relatively high (up to 5.7 BW, Tab. 1) compared
to other activities of daily living (ADL) described in the literature (level walking: 2.7-4.3 BW, stair climbing:
4.4 BW [31], body weight squat: up to 3.64 BW) [32] or measured in vivo with instrumented knee
prostheses (level walking: 2.5 BW, stair climbing: 3.2 BW, skiing: up to 5 BW [33]. The possible reason for
the high values of the normal component of the tibiofemoral force is the specificity of the isokinetic test,

which requires the generation of maximum muscle forces (1;;) on short lever arms. The lever arm in the
TFITIMD model is represented by the dg, + |PS| distance (Fig. 1, Eq. 4-5). Such a scenario rarely occurs in
loads observed during everyday activities. Despite this, the isokinetic test remains the most commonly used
to examine muscle strength and its safe use should be considered from a biomechanics perspective,
especially among operated patients.

As shown in the current study, peak shear forces are much lower than normal forces, but they are carried
by less durable knee structures, mainly cruciate ligaments that provide resistance to the anterior and
posterior translation of the tibia relative to the femur. The ultimate load of the femur-ACL-tibia complex is
2160 * 157 N as reported by Woo et al. based on cadaver studies [34]. The shear forces calculated in our
study are close to those presented in studies [9, 12], however, they are higher than those reported for ADL
using similar models [35] or measured in vivo with instrumented knee prostheses (level walking: 0.4-0.5
BW [31], rise from a chair: 0.1-0.3 or playing tennis: 0.28 + 0.12 BW [33]. Even if the shear forces are much
lower than the normal forces, they should be considered during the early rehabilitation process of patients
after ACL reconstruction, since it should be noted that after surgery the strength of the graft is much lower
than that of a healthy ligament. Estimating the limit loads for grafts is still difficult, and it is one of the
challenges for in vitro or mathematical modelling research. However, values indicated by mathematical
models, are sensitive to the arm length for the moment of the muscle torque [36]; therefore any comparison
of the obtained data might be difficult.

TFITIMD was verified based on the model published previously by Nisell et al. [10], with respect to the
similarity of the models. The simplicity of the Nisell's model makes it the most possible to apply in everyday
clinical practice. The main differences between these two models are: (1) the source of data used to make
the anthropometrical measurements (MRI scan vs. measurements made on cadaver knees and radiographic
study of healthy volunteers) and (2) the source of data used to estimate a change in two variables:
displacement of the point of contact between the tibia and femur, and the angle between the tibial long axis
(lkp) and the direction of the patellar tendon (literature data from fluoroscopic studies vs. measurements
made on radiograms). Normal and shear tibiofemoral forces were calculated using the two models for the
same set of data. Statistically significant differences were observed between model outcomes for peak
normal tibiofemoral force, calculated as the absolute and relative value (p = 0.026 and p = 0.047,
respectively; Tab. 2) and the absolute shear force (p = 0.017; Tab. 2). Although our model also predicted
higher knee relative shear force when compared to the Nisell’s model, no significant differences were noted
(p=0.093).

These results suggest that individual anthropometric features measured on MRI scans are important in
estimating knee intraarticular force. We observed that the maximum normal forces appear in the first 50°
of knee extension (mean Arp 132° + 6°, whereas the peak shear force is reached for higher knee extension
angles (mean Ag 150 * 11°, according to TFITIMD, Tab. 1). The mean Ag angle calculated by TFITIMD was
lower than in Nisell’s model (mean angle 155° + 15°, Tab. 1). This observation may be relevant to determine
safe ROM in IT among patients with ACL reconstruction, because it is recommended not to overload the ACL
in the early postoperative period [37]. Limiting extension movement to 140° could prevent the
development of excessive shear forces during the IT, and thus improve patient safety during test.

Apart from the main strengths of our study - the simplicity of TFITIMD and its individualization - it also
has a few limitations. The model is applicable only to isokinetic knee extension. However, previous studies
have shown that isokinetic knee extensions at 60°/s generate knee forces approximately two times higher
than those for knee flexion [9]. Hence, we focus our modelling on knee extension, since it should be analysed
while ensuring patient safety. Another limitation is that the cruciate ligaments are not included in the model
and we neglected the effects of friction between the femur and the tibia. Similarly to previously published
papers [29, 32] it is assumed that the shear force during knee extension is the force acting in ACL, as force
parallel to the tibial articular surface, and that the coefficient of friction is negligible in human joints. This
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approach seems to be reasonable because the ACL provides 86% of the total restraining force to the anterior
drawer [38]. Another limitation is that the distance between the articular surface of the tibia and the
attachment of the dynamometer to the shank (dgp) was calculated based on the height of the patient and
literature data. This was caused by the retrospective character of this study and the lack of actual data on
this distance. Moreover, a brief commentary on the limitations of two-dimensional modelling and the
omission of the SHM is advisable. The forces in the cruciate ligaments generated by the SHM increase the
values of the joint forces, as do the forces in the antagonistic muscles (not included in the model either).
This effect may not be as significant during isometric exercise, where the maximum forces are reached for
the angles less than the last 20° of knee extension. Nevertheless, confirmation of this fact requires the use
of a three-dimensional model.

We developed and verified a two-dimensional mechanical model that uses two inputs: muscle torque
and geometric measurements from knee MRI scan, to calculate normal and shear tibiofemoral forces. This
fills the gap among similar models currently available in the literature because it allows the calculation of
tibiofemoral force in an individualized way using MRI scans, data from up-to-date fluoroscopic studies, and
differentiate model parameters according to the patient’s sex. Based on the results of this study, it is our
recommendation to avoid peak intraarticular forces in the knee joint, especially in the case of patients in
the early postoperative period. To avoid high forces during isokinetic knee extensions, a ROM not exceeding
50° is recommended. Alternatively, the test should be performed at a higher velocity than 60°/s, as the
forces acting in the knee joint in isokinetic knee testing decrease with the test speed, according to Hill's law
[12].
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