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Abstract— Objective: The knowledge of individual joint motion 

may help to understand the articular physiology and to design bet-

ter treatments and medical devices. Measurements of in-vivo indi-

vidual motion are nowadays invasive/ionizing (fluoroscopy) or im-

precise (skin markers). We propose a new approach to derive the 

individual knee natural motion from a three-dimensional repre-

sentation of articular surfaces. Methods: We hypothesize that tis-

sue adaptation shapes articular surfaces to optimize load distribu-

tion. Thus, the knee natural motion is obtained as the envelope of 

tibiofemoral positions and orientations that minimize peak contact 

pressure, i.e. that maximize joint congruence. We investigated four 

in-vitro and one in-vivo knees. Articular surfaces were recon-

structed from a reference MRI. Natural motion was computed by 

congruence maximization and results were validated versus exper-

imental data, acquired through bone implanted markers, in-vitro, 

and single-plane fluoroscopy, in-vivo. Results: In two cases, one of 

which in-vivo, maximum mean absolute error stays below 2.2° and 

2.7 mm for rotations and translations, respectively. The remaining 

knees showed differences in joint internal rotation between the ref-

erence MRI and experimental motion at 0° flexion, possibly due to 

some laxity. The same difference is found in the model predictions, 

which, however, still replicate the individual knee motion. Conclu-

sion: The proposed approach allows the prediction of individual 

joint motion based on non-ionizing MRI data. Significance: This 

method may help to characterize healthy and, by comparison, 

pathological knee behavior. Moreover, it may provide an individ-

ual reference motion for the personalization of musculoskeletal 

models, opening the way to their clinical application. 

 
Index Terms— Knee Natural Motion, Motion Prediction, Pa-

tient-specific Model, Joint Congruence, Functional Adaptation. 

I. INTRODUCTION 

HE quantification of the individual joint motion, namely 

the relative displacements between the joint bones of a spe-

cific person, could help the identification of articular patholo-

gies, the understanding of their etiology and the design of treat-

ments and orthotic devices tailored on the patient needs [1-4]. 

This is particularly true for the tibiofemoral joint, one of the 

joints with the greatest mobility in the human body [5]. This 

articulation is also one of the most susceptible to ligament inju-

ries and to the risk of osteoarthritis development [6]. 

The tibiofemoral motion, in absence of considerable external 

forces, is particularly significant. In these conditions, the ab-

adduction (AA), internal-external rotation (IE) and the antero-

posterior (AP), proximo-distal (PD) and medio-lateral (ML) 

translations are coupled to flexion-extension (FE). The un-

loaded tibiofemoral joint moves therefore on a one-DOF trajec-

tory in the three-dimensional space, often referred to as passive 

or natural motion. A recent synthesis paper [7] showed that the 

same coupling is substantially preserved during different phys-

iological dynamic activities: external loads deform joint con-

straints and, consequently, modify the natural motion, whose 

characteristic pattern remains, however, still recognizable. The 

tibiofemoral joint may thus be thought as a compliant joint with 

a well-defined, one-DOF spatial trajectory, namely the knee 

natural motion. Moreover, experimental evidence showed that 

ligaments stay nearly isometric [8-10] and make no or the least 

work along this motion, also storing the least deformation en-

ergy [11]. Since the latter was associated with microdamage oc-

currence and accumulation [12], natural motion also minimizes 

the metabolic cost associated with tissue repairing and mainte-

nance. These evidences suggest that the natural motion repre-

sents a mechanical optimum for the articulation. 

An accurate estimation of joint motion is however difficult 

to obtain in-vivo. Non-invasive techniques that rely on skin-

markers do not allow the precise description of the three-dimen-

sional relative motion of the bones in a joint, mainly due to the 

soft tissue artefact [13,14]. Transcutaneous bone pins, although 

very accurate in slow dynamics, are invasive and can loosen, 

bend, and/or interfere with normal muscle action [15]. Biplanar 

video-radiographic systems enable a direct and accurate meas-

urement of bone motion [16], but they expose the patient to ion-

izing radiation. MR scanners are limited to the investigation of 

quasi-static kinematics [17] and, in case of closed scanners, to 

a limited range of joint motion. More recently, MR scanners 

were also used for nearly real-time [18] or fully real-time [19] 

mono or multi-planar analysis of joint motion. This represents, 

however, a cutting-edge technology still to be developed. For 

all these reasons, the direct and accurate measure of the indi-

vidual joint motion cannot be considered available for the cur-

rent clinical practice. 

Computational models can be used instead to predict quanti-

ties that cannot be measured directly in a clinical environment 

[20-22]. However, despite the great improvements in biome-

chanical modeling, prediction of joint kinematics is still chal-

lenging. Kinematic models evolved from simple revolute and 

spherical pairs to more complex planar [23] and spatial [24-29] 

parallel mechanisms, featuring a direct representation of the 

constraints imposed by ligaments and contacts. Similarly, 

multibody knee models with flexible elements evolved from 

planar [30] to spatial [31] systems, also featuring deformable 

contacts [32-34], several muscles [35] as well as a representa-

tion of the menisci [36, 37]. Finally, though normally devoted 

to static analyses at fixed flexion angles, finite element models 

were also used to investigate the moving knee [38-42]. All these 
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models highly contribute to explain the role of different ana-

tomical structures in the guidance of joint motion and provide a 

good description of the average behavior of the knee. However, 

they generally need a preliminary tuning of their parameters 

[41-44] to become predictive for the single individual. This tun-

ing is performed by minimizing the differences between model 

outcomes and some experimental data, typically a measurement 

of joint kinematics under known reference conditions 

[28,29,32,36,40].  

A different approach to define a predictive model of the knee 

natural motion may rely on the identification of a physiological 

property that must be respected along the entire range of mo-

tion. Indeed, the energetic optimum of the natural motion de-

scribed above is compatible with the capability of the joint tis-

sues to modify their structure in response to the mechanical en-

vironment to which they are exposed [45-57]. This process, 

known as functional adaptation, is modulated by the loads and 

the motion in order to optimize the transmission of contact 

forces in the joint [58-61] and governs the development [62-64] 

and maintenance [65-70] of articular surfaces. We thus postu-

lated that the final shape of articular surfaces is the result of an 

adaptation process, aiming at the optimization of the contact 

pressure distribution over the entire range of knee natural mo-

tion. This hypothesis relates the articular shape with its optimal 

working condition, similarly to what observed for the bone in-

ternal architecture [12,71-73], the ligament and tendon cross-

section variations [74-75] and the morphogenesis of articula-

tions [12,61,76,77]. Since the more congruent the articular sur-

faces, the smaller the peak contact pressure, the natural motion 

can thus be found by maximizing the joint congruence along the 

entire range of flexion. This concept was previously applied and 

validated for the tibiotalar joint [78].  

The aim of this work is to verify whether the knee natural 

motion can be reconstructed from the shape of articular surfaces 

as the envelope of tibiofemoral positions and orientations that 

maximize the joint congruence. To this purpose, we investi-

gated four in-vitro and one in-vivo knee. Model outcomes were 

validated using three different criteria: 1), directly, by compar-

ing measured and predicted motions; 2), indirectly, by verifying 

whether the predicted motion is consistent with the joint anat-

omy, i.e. if it respects the ligament isometry; 3), indirectly, by 

comparing the predicted knee kinematics to the knee motion 

patterns of different physiological dynamic activities [7], to 

evaluate the physiological consistency of the model. 

II. MATERIALS AND METHODS 

Note: All figures and table denoted with an S are in the supple-

mentary material.  

A. Clinical Images 

Data measured on four lower-limb specimens and on a vol-

unteer were considered. These data came from previous studies 

[11] and only main information is reported here. 

Specimens were free from anatomical defects; the volunteer 

was healthy with no history of knee diseases. The donors and 

the participant information are reported in Table S1. For all 

legs, a detailed reference MRI of the knee was acquired for the 

definition of the articular surfaces required by the kinematic 

model. Then, a detailed CT scan of the knee and a rougher CT 

scan of the whole leg were also acquired. Scanning parameters 

are reported in Table S2. Bones, articular surfaces, menisci and 

ligament insertions were then manually segmented from MRI 

using the free open-source software Medical Imaging Interac-

tion Toolkit (MITK). Using the same software, detailed bone 

surfaces of the distal femur and proximal tibia and rougher sur-

faces of the whole leg were segmented from the CT scans by a 

thresholding criterion. MRI and CT data were registered based 

on bone surfaces through the ICP based registration tool of the 

commercial software Geomagic.  

B. Anatomical Reference Systems and Motion Parametriza-

tion  

Anatomical reference systems of the femur (Sf) and tibia (St) 

were defined on the CT-based bone surfaces of the whole leg 

by virtual palpation of anatomical landmarks according to a 

standardised convention [79]. Representation and definition of 

these reference systems are provided in Fig. S3. 

Orientation of the tibia with respect to the femur was ex-

pressed according to a ZXY Euler angle sequence [80]:  exten-

sion (+)/flexion(−), adduction (+)/abduction (−), internal 

(+)/external (−) rotations take place about the z, x and y axis of 

St respectively. The translations of the tibia with respect to the 

femur were represented as the coordinates of the St origin ex-

pressed in Sf, where anterior (+)/posterior (−), proximal (+)/dis-

tal (−), lateral (+)/medial (−) translations take place along the x, 

y and z axis of Sf respectively. 

C. Measure of Joint Congruence 

We developed a measure of joint congruence derived from 

the elastic foundation contact model [81]. With respect to the 

Hertzian contact model that holds only for non-conforming 

contacts [82-83], the elastic foundation contact model [84] is 

often employed when modelling joint contact [32,34,35,85-88]. 

In fact, the hypotheses behind elastic foundation model hold for 

both conforming and non-conforming contacts. In addition, 

elastic foundation represents a good approximation of the tra-

becular structure supporting the articular surfaces (Fig S2). For 

the sake of clarity and without loss of generality, the geomet-

rical relation between applied load and peak pressure will be 

here derived for a simple nonconforming contact, as in Fig. 1. 

Let us consider a rigid body indenting a mattress of springs 

of constant stiffness per unit area k (N/m3) resting on a rigid 

base, where no interaction between the adjacent springs is con-

sidered. Indentation force F is along axis z, while the plane per-

pendicular to z has axes x, y. If δ(x,y) is the deformation of the 

spring at position (x,y), the corresponding contact pressure can 

be expressed as 

 

𝑝(𝑥, 𝑦) = 𝑘𝛿(𝑥, 𝑦) (1) 

 

It follows that the peak pressure p0 will take place at the po-

sition of maximum indentation Δ, namely 

 

 𝑝0 = 𝑘𝛿𝑚𝑎𝑥 = 𝑘Δ (2) 
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If A is the projection of the contact surface on the plane xy, 

dA being the infinitesimal area on which a single spring acts, 

the resultant F of the pressure distribution is 

 

 
𝐹 = ∫ 𝑝(𝑥, 𝑦)𝑑𝐴 = 𝑘 ∫ 𝛿(𝑥, 𝑦)𝑑𝐴 = 𝑘𝑉

 

𝐴

 

𝐴

 
(3) 

 

where V is the volume of the Boolean intersection of the two 

undeformed bodies. This way, the ratio between the peak pres-

sure and the resultant force becomes purely geometrical, i.e.  

 

 𝐹

𝑝0

=
𝑘𝑉

𝑘Δ
=

𝑉

Δ
 

(4) 

 

The ratio between intersection volume V and maximum in-

dentation Δ can thus be taken as a measure of joint congruence: 

the bigger this ratio, the higher the contact congruity, the lower 

the peak contact pressure. Once that a representation of the ar-

ticular surfaces in a contact configuration is provided, it is thus 

possible to evaluate joint congruence by measuring the volume 

intersection between the undeformed surfaces and the maxi-

mum indentation. On the other hand, it is possible to use (4) in 

a numerical model, for instance by imposing the value of Δ and 

searching for the joint configuration that maximizes V. 

D. Computational Model 

For every value of the flexion angle within the individual 

range of motion, approximately from 0° to 130°, the five cou-

pled components of position and orientation of the tibia with 

respect to the femur were determined by an optimization algo-

rithm.  

The algorithm’s objective function is a modification of (4), 

whose direct application would result in numerical instability. 

In fact, cartilage deformation tends to a plateau of about 5% of 

the original thickness, regardless of the performed activities 

[56]. Assuming a mean cartilage thickness of 2.5 mm for both 

the tibia and femur [89,90] will lead to a 0.25 mm of indenta-

tion. This value is below the usual in plane resolution of a MR 

scan, which can be estimated around 0.3 mm [90]. Using this 

value for Δ would make the algorithm too sensitive to the qual-

ity of the MRI segmentation. To cope with this issue, one of the 

two contact surfaces was offset of a prescribed quantity Δ and 

used in place of the original surface for congruence evaluation. 

This approach is similar to the proximity approximation often 

used for the evaluation of joint contact areas [83,91-93]. It was 

shown analytically that, for non-conforming contacts, this ap-

proach for congruence evaluation produces the same results of 

the relative curvature within the Hertz theory. In case of con-

forming contacts, an analogous theoretical comparison is not 

possible, but the application of this approach in other studies 

[78,94] showed that this measure is still representative of joint 

congruence. Finally, an additional term was added to penalize 

physically impossible configurations leading to co-penetration. 

Referring to Fig. 2, the objective function was thus: 

 

 𝑓 =  𝑉𝐶 ∩ 𝑉𝑡 − 𝑘𝑝(𝑉𝑡 ∩ 𝑉𝑓) (5) 

 

where Vf is the volume enclosed by the femur bone and cartilage 

together; Vt is the volume enclosed by the tibia bone and carti-

lage together, considering the menisci as part of the tibial plat-

eau; VC is the volume enclosed by an offset of Δ of the Vf sur-

face; kp is a penalty scalar coefficient. 

The parameter Δ was chosen equal to 7 mm, higher than the 

mean meniscal peripheral thickness [95] in order to include 

their contribution in the congruence measure, while kp was cho-

sen equal to 20, a value that guarantees a residual co-penetration 

of the cartilage compatible with physiological values. However, 

a sensitivity analysis previously performed [96,97] showed that 

if kp is above 10, the algorithm outcomes become almost insen-

sitive to both kp and Δ. Thus, these values were not further op-

timized nor changed among the subjects. 

The algorithm was coded using C++: optimization relied on 

the Nelder-Mead Simplex algorithm as implemented in GSL 

(GNU Scientific Library), while Boolean operations needed for 

congruence evaluation were performed through GTS (GNU 

Triangulated Surface Library). The tibiofemoral configuration 

F 

F 

body 1 

body 2 

 

V 

k 

z 

x 

Figure 1: Schematization of the elastic foundation contact model. 

𝑉𝑓 

𝑉𝑡 

𝑉𝐶 ∩ 𝑉𝑡 

𝑉𝐶 

Δ 

(a) (b) 

Figure 2: Cross sectional (a) and three-dimensional (b) 

representation of the elements contributing to the numerical 

evaluation of joint congruence. 
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measured on the reference MRI was taken as initial guess, set-

ting the flexion value to zero. For any subsequent step, the ini-

tial guess was the configuration determined at the previous one, 

by imposing a 1° increment on the flexion angle. Sensitivity 

analysis showed that the optimization algorithm is robust with 

respect to the initial guess [97]. 

On a PC running Windows 10, with an Intel i7 processor 

(2.50 GHz) and 8 GB of RAM, the algorithm took about 30 

minutes to compute one knee motion, in a range from 0° to 130° 

of flexion, with 1° steps. Results depended on the size of the 

STL representing the articular surfaces. 

E. In-vitro evaluation of knee natural motion 

Specimen motion measured in-vitro [11] was used for valida-

tion purposes. A surgeon removed the forefoot and all soft tis-

sues except those at the joint, leaving the knee capsule and lig-

aments intact. A stereophotogrammetric system (Vicon Motion 

Systems Ltd) measured the tibia and femur relative motion by 

means of two trackers directly fixed to the bones. Each tracker 

included three markers. The specimen was mounted on a test 

rig for in-vitro analysis of the knee joint motion [98]: the femur 

was connected to the rig and was passively flexed while the 

tibia was free to move according to its natural motion (Fig. 

S1.a). Four screws were also inserted on each bone prior to the 

CT scans. The centre of the screw head was both manually seg-

mented via MITK and digitized through the stereophotogram-

metric system using a pointer. CT and stereophotogrammetric 

data were registered by least square fitting the centres of the 

screw heads. The tibiofemoral relative motion was then ex-

pressed in terms of relative motion between the corresponding 

anatomical reference systems. The accuracy of the whole in-

vitro experimental setup was not quantified directly. However, 

considering the Vicon nominal accuracy and the tracker dimen-

sion, the accuracy in rigid body kinematics is reasonably below 

1 mm for translations and 2° for rotations.  

F. In-vivo evaluation of knee natural motion 

Similarly, the in-vivo motion measured on the volunteer [99] 

was used to validate the model in-vivo. The present experiment 

was approved by the ethical committee at the Istituto 

Ortopedico Rizzoli, and the volunteer gave his informed con-

sent. The natural motion of the participant was recorded by a 

single plane fluoroscopy (CAT Medical Systems, Hiris Rf43) 

as a series of sagittal images collected at 15 frame/s. The field 

of view was set to record the knee, half tibia and half femur. 

The experiment was designed to minimize the muscle activa-

tion in the volunteer’s leg. The volunteer was asked to perform 

a full flexion-extension movement starting with the leg fully 

extended. The task was performed with the volunteer half-lying 

on a smooth plane, by pulling the leg towards the chest up to 

full flexion with the aid of a lace tied around the thigh (Fig. 

S1.b), and then by letting the leg extend back to full extension. 

The heel of the subject was placed on a polytetrafluoroethylene 

disk to reduce friction with the plane. The CT-based bone sur-

faces of the femur and tibia were manually registered on the 

fluoroscopy images using a dedicated software [100]. Again, 

the tibiofemoral relative motion was then expressed in terms of 

relative motion between the corresponding anatomical refer-

ence systems. The theoretical accuracy in tibio-femoral motion 

reconstruction by means of monoplanar fluoroscopy can be es-

timated in 2 mm for sagittal plane displacements, 7.5mm for 

medial/lateral displacement, and 1.5 deg for all rotations [101]. 

G. Evaluation of ligament isometry 

For each ligament, the most isometric fiber was identified as 

the line connecting two points (one on the tibial, the other on 

the femoral insertion areas) that showed the smallest maximum 

percent length variation, during both the predicted and meas-

ured motions, as done in [25,28,29,44]. The maximum percent 

length variation in each ligament fiber was computed as: 

  

 
%∆𝐿 =

𝐿𝑚𝑎𝑥 − 𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥

∙ 100 
(6) 

 

and values minor or equal to five percent were considered 

representative of isometry [12]. This limit denotes the end of 

the toe region of the ligament stress-strain curve, corresponding 

to the fiber un-crimping. 

III. RESULTS 

Model predictions and experimental measures were com-

pared through the mean absolute error (MAE), computed for 

each of the coupled motion components over the individual 

range of flexion. Table 1 shows the MAE for each subject and 

component. Errors on the AA are below 1.5°, while the IE 

shows more variability with a maximum error of 9.1°. For the 

first two legs, whose IE error is below 2.2°, translational errors 

remain below 3.4 mm. Where the IE error is higher, transla-

tional errors (in particular AP and PD) are also higher, though 

below 8 mm. 

Predicted and measured motion patterns were qualitatively 

compared in terms of motion components in Fig. 3 and in terms 

of instantaneous helical axis (IHA) envelope in Fig. S4, the lat-

ter computed according to [102]. The tibial internal rotation pat-

tern is correctly predicted by the model, though in three knees 

predictions and measurements differ by an almost constant 

quantity. The same difference was however observed between 

experimental motion at 0° flexion and the knee configuration 

measured on the reference MRI (Fig. 3): this latter (black dots) 

is closer to the model predictions (red curves) than to the exper-

imental motion (blue curves). In Fig 4, both predicted and 

measured motions are represented with tibiofemoral motions 

Table 1:Mean absolute error (MAE) between predicted and 

experimental motion components. In-vivo leg is denoted with a star. 

 Leg 1* Leg 2 Leg 3 Leg 4 Leg 5 

AA [°] 1.2±0.5 1.0±0.6 1.7±0.7 0.7±0.4 0.8±0.3 

IE [°] 2.2±1.9 2.2±1.4 9.1±2.2 6.7±1.5 8.7±1.4 

AP [°] 1.3±0.5 2.0±1.1 2.5±1.5 2.8±1.7 6.0±3.0 

PD [mm] 3.4±3.1 2.6±2.2 5.0±3.3 5.8±4.0 7.5±4.6 

ML [mm] 2.7±1.1 1.8±1.2 1.8±0.9 1.0±0.4 1.9±1.4 
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Figure 3: Comparison between predicted (red) and measured (blue) motion on the abb-abduction angle (AA), internal-external rotation (IE), 

antero-posterior (AP), proximo-distal (PD) and medio-lateral (ML) translations for each knee. In-vivo leg is denoted with a star. Black dots 

represent the knee configuration measured on reference MRI. 

 

 

 
Figure 4: Representation of the envelope of predicted (red) and measured (blue) knee motion for the five analyzed knees with respect to the knee 

motion under different dynamic tasks (black dots), namely, walking, drop landing, hopping, stair-ascending, running, and cutting [7]. 

 

Table 2:Maximum percent elongation of anterior cruciate (ACL), posterior cruciate (PCL), medial (MCL) and lateral (LCL) collateral ligament 

for predicted (Pred) and measured (Meas) motion for each knee. Red and blue numbers represent a maximum elongation greater than 5% for 

the predicted and measured results respectively. In-vivo leg is denoted with a star. 

 ACL PCL MCL LCL 

 Pred Meas Pred Meas Pred Meas Pred Meas 

Leg 1* 7.1 13.0 18.9 9.2 0.1 2.6 14.8 14.5 

Leg 2 4.1 2.1 3.8 1.6 2.8 3.0 2.1 1.6 

Leg 3 3.6 3.5 9.9 5.1 1.8 3.2 2.0 1.7 

Leg 4 3.1 2.5 11.1 2.6 1.6 1.2 1.1 1.9 

Leg 5 14.0 7.1 5.0 3.2 1.7 1.8 1.5 1.9 
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during different dynamic activities [7]. For the sake of this com-

parison, the tibia reference system of each subject was chosen 

so that, at 0° flexion all the other DOF are also set to zero, fol-

lowing the approach proposed in [7]. Both predicted and meas-

ured motions fall well within the tibiofemoral trajectories in dy-

namic conditions. 

The model was evaluated also in terms of deformation en-

ergy, by comparing the obtained ligament isometry to that ob-

served with experimental motion. Table 2 reports the results of 

Eq. (6) for each ligament and subject. Over the 20 considered 

ligaments, only 4 show a less isometric behavior during exper-

iments, and 3 of them are related to the in-vivo leg. The model 

correctly predicts the higher or lower isometric behavior, except 

for the PCL of legs 4.  

IV. DISCUSSION 

The aim to this work was to present and validate a kinematic 

model that predicts individual knee natural motion based on the 

shape of articular surfaces, here derived from MRI. 

The model performance was evaluated directly, by compar-

ing model outcomes with experimental data for each subject. 

From a qualitative point of view, the model predictions describe 

well both the coupling between the internal rotation and flexion, 

and the typical IHA pattern of the knee natural motion (Fig. 3 

and S4). From a quantitative point of view, the agreement be-

tween model predictions and experimental measures is better of 

or comparable with other patient-specific knee models 

[28,29,32,36,37,40,42]. It is worth noting that the accuracy of 

those models was reached after tuning the model parameters to 

fit some preliminary kinematic data. On the contrary, the con-

gruence model is fully predictive. The differences in accuracy 

of the congruence models is related to the reference MRI. When 

the tibiofemoral configuration observable in reference MRI 

(black dots in Fig. 3) is close to the experimental motion at 0° 

flexion (legs 1 and 2), the MAE stays below 2.2° for the rota-

tions and 3.4 mm for the translations. On the contrary, when the 

reference MRI configuration is far from the experimental mo-

tion at 0° flexion (legs 3, 4, and 5), the MAEs increase. The 

difference between the reference MRI configuration and exper-

imental motion at 0° flexion can be due to a higher knee laxity 

in connection with other experimental uncertainties, mainly af-

fecting the IE rotation. The same initial difference also affects 

the model outcome, resulting in an almost constant error on the 

IE rotation (maximum standard deviation of the difference is 

2.2°). This can be explained by considering that the congruence 

model is guided also by the menisci, whose position on the tib-

ial plateau is rigidly defined by the reference MRI. Since me-

nisci contribute to the joint congruence, a variation in their po-

sition will be reflected in the prediction of the congruence 

model, which in fact always passes through the configuration 

of the refence MR scan. This could explain the observed offset 

in the intra/extra rotation in the predicted motion. Also, these 

rotational differences partially explain the discrepancies on 

translational motion components on the last three legs: the tibia 

is more externally rotated during experimental motion, induc-

ing a proximal displacement of the lateral plateau as well as of 

the St origin at higher flexion angles (Fig. S5). As a result, an 

external rotation is coupled with a posterior translation, in 

agreement with the results of Table 1 and Fig 3. The lower ac-

curacy observed in leg 3, 4, and 5 are therefore ascribable 

mainly to differences between reference MRI and experimental 

motion. 

The model performance was also indirectly assessed by 

evaluating the ligament isometry for each subject and compar-

ing model outcomes with average experimental dynamic data. 

The predicted motions fall well within the range of knee mo-

tions associated with typical dynamic activities (Fig. 4) [7]. 

This result confirms the physiological consistency of the model 

and provides an indirect confirmation of the main hypothesis 

beyond it: the natural knee motion represents a mechanical op-

timum from which loaded motions derive when ligament defor-

mations take place. This is confirmed also in terms of ligament 

elongation: the model could correctly predict the isometric be-

havior of 19 out of 20 total ligaments, thus resulting also con-

sistent with the joint anatomy. 

The presented approach may provide insights in the articular 

physiology, allowing the characterization of healthy behavior 

and, by comparison, the identification of articular pathology, 

possibly helping to understand their etiology. Moreover, with 

respect to other techniques for the modeling of the knee motion, 

the proposed approach has several advantages: it is accurate 

with respect to the current literature, it does not require inva-

sive/ionizing exams, and it can be integrated easily within the 

clinical practice, requiring only MRI of the joint. Finally, the 

proposed approach is general and thus extendable to other ar-

ticulations, as shown for the tibiotalar joint [78]. The 

knowledge of individual knee motion can be used to optimize 

placement of commercial prostheses, by improving the knee 

balancing [103] or refining a kinematic alignment [104]. More-

over, since the predicted motion respects ligament isometry, it 

can be used in combination with 3D printing technology to de-

sign naturally-balanced personalized prostheses [105]. 

The kinematic model here presented can also be used for the 

personalization of musculoskeletal models, a theme recognized 

as a key point for their future development [106-108]. The 

model outcomes could be directly used to prescribe the patient-

specific tibiofemoral kinematics, similarly to what done with 

average in-vitro motions [109] within the OpenSim model pro-

posed by Rajagopal et al. [110]. Also, the combination of indi-

vidual kinematics and articular surfaces makes it possible to 

identify patient-specific pattern of contact points and normals, 

possibly improving the computation of joint contact forces 

through musculoskeletal models. Furthermore, a measure of 

joint congruence could be used directly within a cost function 

for the inverse kinematics computation in motion analysis. Al-

ternatively, the predicted motion can be used as a reference for 

the synthesis of personalized knee kinematic models, starting 

from simple hinges or spherical pairs, for which optimal revo-

lute axes and rotation centers can be defined, up to parallel 

mechanisms featuring the contribution of ligaments and con-

tacts [14,111,111]. Finally, the model predictions can be used 

for the tuning of ligament and contact parameters in multibody 

or FEM models [32,36,52]. In particular, a recent study [113] 
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showed that a standard knee planar simplification [114] gener-

ated ligament elongations up to 56%. Excessive ligament elon-

gation reduces the reliability of musculoskeletal model out-

comes, particularly when joint reaction analysis is performed: 

on one hand, it denotes a non-physiological knee motion; on the 

other hand, it makes the contribution of ligaments to joint equi-

librium no longer negligible, a hypothesis often employed 

within musculoskeletal models. The approach here presented 

may offer a possible way to overcome this problem, providing 

joint models that are anatomically consistent. Finally, the pos-

sibility to define accurate and patient-specific joint models may 

improve the performance of multibody optimization tech-

niques, reducing the impact of soft-tissue artefacts on kinemat-

ics estimation from skin marker motion [107, 115-118]. 

This work has limitations. Menisci are modelled as a rigid 

extension of the tibial cartilage. This oversimplification is dic-

tated by the reported low meniscal mobility [119] and by the 

necessity to include the menisci in the model while keeping an 

acceptable computational burden [120], but it makes the scan-

ning configuration of the reference MRI crucial. Nevertheless, 

the impact of this hypothesis remains to be determined: when 

reference MRI configuration belongs to the measured motion, 

model predictions show a remarkable agreement despite the 

rigid menisci. A wider investigation on this topic would be 

however beneficial. 

The number of legs is not high to claim a solid validation. In 

particular, more in-vivo knees need to be investigated. Also, the 

comparison of model outcome with dynamic activities is based 

on aggregate motion patterns from different studies [7]. The 

employed average dynamic data may thus suffer from the un-

certainties typical of synthesis analysis paper. Individual dy-

namic data should be collected to evaluate the relation between 

natural motion and dynamic tasks for the single subject. In this 

direction, we are currently undergoing an experimental cam-

paign investigating knee kinematics through dynamic MRI in 

an orthostatic open scanner. Preliminary data from three knees 

support the result of the present analysis. 

The model relies on the quality of the articular surfaces’ re-

construction. Accurate cartilage segmentation is generally a 

manual procedure. Although preliminary investigation has 

shown that model outcomes are quite robust to variation in car-

tilage segmentation, a systematic analysis of the model sensi-

tivity to inter- and intra-operator reconstruction of cartilage is 

still needed. Similarly, derivation of the model from more read-

ily available and cost-effective CT scans deserve to be investi-

gated.   

Finally, the model main assumption is that articular shape is 

the result of tissue adaptation to loads. This is relevant for 

healthy tissues, but the direct application to a pathological pop-

ulation must be considered carefully. In case of traumatic inju-

ries, the presented model holds as long as the time between in-

jury and the analysis does not allow a considerable remodeling 

of the knee structures. On the other side, its application to se-

vere and congenital deformities may result incorrect. Further 

investigations would however be deserved. 

V. CONCLUSION 

In this paper, a new model able to predict the three-dimen-

sional motion of individual knees has been presented and vali-

dated. It relies on a three-dimensional representation of the ar-

ticular surfaces, which can be obtained from standard MRI. 

Thus, it may represent a clinically valuable alternative to the 

current methods for measuring the knee motion. The outcomes 

of the model provide useful information about knee physiology 

per se. In addition, a quantification of the individual joint mo-

tion can be used as a reference for the definition of more ad-

vanced, patient-specific musculoskeletal models, opening the 

way to their clinical application. 
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