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Kinematics and kinetics 
comparison of ultra‑congruent 
versus medial‑pivot designs 
for total knee arthroplasty 
by multibody analysis
Giovanni Putame1,2*, Mara Terzini1,2, Fabrizio Rivera3, Maeruan Kebbach4, Rainer Bader4 & 
Cristina Bignardi1,2

Nowadays, several configurations of total knee arthroplasty (TKA) implants are commercially 
available whose designs resulted from clinical and biomechanical considerations. Previous research 
activities led to the development of the so‑called medial‑pivot (MP) design. However, the actual 
benefits of the MP, with respect to other prosthesis designs, are still not well understood. The present 
work compares the impact of two insert geometries, namely the ultra‑congruent (UC) and medial‑
pivot (MP), on the biomechanical behaviour of a bicondylar total knee endoprosthesis. For this 
purpose, a multibody model of a lower limb was created alternatively integrating the two implants 
having the insert geometry discretized. Joint dynamics and contact pressure distributions were 
evaluated by simulating a squat motion. Results showed a similar tibial internal rotation range of 
about 3.5°, but an early rotation occurs for the MP design. Furthermore, the discretization of the 
insert geometry allowed to efficiently derive the contact pressure distributions, directly within the 
multibody simulation framework, reporting peak pressure values of 33 MPa and 20 MPa for the UC 
and MP, respectively. Clinically, the presented findings confirm the possibility, through a MP design, 
to achieve a more natural joint kinematics, consequently improving the post‑operative patient 
satisfaction and potentially reducing the occurrence of phenomena leading to the insert loosening.

Since the early 1970s, increasingly more sophisticated designs of total knee endoprostheses have been developed 
thanks to the collaboration between surgeons and  bioengineers1. Among the several features that have to be taken 
into account during the implant design process, there are, for instance, the range of motion, the modularity of 
the implant components, the type of insert fixation, and last but not least, the geometrical congruence between 
articulating  surfaces2. In particular, this last aspect represents a critical factor since tibiofemoral implant con-
formity must guarantee joint stability and, at the same time, minimize contact force concentrations to prevent 
excessive wear at the contact interfaces. Indeed, the insert design assumes a major role in defining the artificial 
knee kinematics, which is related to wear performance and, consequently, to the longevity of the total knee 
 replacement3. Although new materials and design concepts have been introduced, complications related to joint 
instability and insert wear are still common causes of revision  surgery4. Focusing on implant kinematics, since the 
late 1990s, the trend in implant design aimed to mimic the physiological medial-pivoting movement of the knee, 
which is combined with a rollback of the lateral femoral condyle. Even though literature reports good surgical 
and kinematical outcomes using the MP  design5–7, it is unclear whether this design is significantly related to 
clinical and biomechanical improvements with respect to traditional designs. Therefore, further investigations 
are needed to achieve a better understanding of the different implants’ performance.

In this scenario, the possibility to predict in vivo kinematics and loading conditions of the artificial knee is 
essential to assess implant performance and improve the implant design as well as the surgical outcomes in TKA. 
Computational modelling can provide useful information about joint contact forces and kinematics to identify 
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detrimental loading conditions that could lead to failure of the knee  implant3,8,9. Specifically, musculoskeletal 
multibody models have proven to be able to reproduce realistic dynamics of the knee joint, besides being par-
ticularly suitable for experimental  validations10–15.

In this study, the biomechanical behaviour of two different insert designs, namely, the UC and the MP was 
compared within a multibody model of a lower limb. The kinematics and kinetics of the artificial knee joint 
were evaluated by simulating a weight-bearing deep squat motion. In particular, the contact force and pres-
sure distributions on the inserts were investigated by discretizing their geometry. The hypothesis underlying 
the study is that the MP design leads to higher internal/external tibial rotations and lower constraining forces 
compared to the UC design. From a clinical standpoint, a confirmation of this hypothesis, would correspond to 
a physiological-like kinematics and kinetics, and, consequently, to an improvement of the post-operative patient 
satisfaction as well as a potential lower risk of implant failure due to loosening.

Methods
Geometries. The multibody model of a right lower limb was created in the multibody dynamic analysis 
program ADAMS (v. 2017, MSC Software Corporation, Santa Ana, CA) assembling standardized (medium 
size) bone geometries  (Sawbones® Europe AB, Malmoe, Sweden) equipped with a bicondylar total knee implant 
(K-MOD, Gruppo Bioimpianti, Peschiera Borromeo, Milan, Italy) including two alternative insert designs, that 
are, the UC and MP. Specifically, a mechanical alignment approach was used for the implant positioning with a 
posterior tibial slope equal to 3°.

Bone geometries were transformed to fit on patient-specific geometries available in the  literature16,17 corre-
sponding to a male subject, who received a right knee prosthesis. More precisely, the center of the femoral head, 
the ankle midpoint, and the surgical cutting planes at the knee joint, were taken as references during the fitting 
process of femoral and tibial bones. Moreover, the patella was represented by an ellipsoid, while the fibula was 
transformed in accordance with the tibia. In addition, pelvis and foot bones were scaled and included as well.

Furthermore, the implant geometries were scaled based on the manufacturer’s sizes (i.e., size 5) to match the 
patient-specific bones. In details, the dual radius femoral component and both considered inserts were isotropi-
cally scaled up by a scale factor equal to 1.21, whereas the tibial tray was scaled up by a scale factor of 1.14, except 
for the normal direction to the component plateau which was not modified.

Ligaments. The following ligament structures were included in the model: medial (MCL) and lateral (LCL) 
collateral ligaments, medial (MPFL) and lateral (LPFL) patellofemoral ligaments, and patellar ligament (PL). 
The anterior and posterior cruciate ligaments were not included because the first is sacrificed during the surgical 
procedure, whereas the latter can be excluded since both insert geometries were designed to permit this  choice7. 
Each ligament was furtherly split into different bundles, in detail: MCL anterior (aMCL), intermediate (iMCL) 
and posterior (pMCL) bundle; LCL anterior (aLCL) and posterior (pLCL) bundle; LPFL proximal (pLPFL), 
middle (mLPFL) and distal (dLPFL) bundle; MPFL proximal (pMPFL), middle (mMPFL) and distal (dMPFL) 
bundle; PL medial (mPL), intermediate (iPL) and lateral (lPL). This division allows considering the ligament 
structure in bundles with their different constraining contribution over the joint movement. Origin and inser-
tion points (Fig. 1) were determined from anatomical  references18.

Each ligament bundle was modelled as a single tension-only spring element connecting the origin and inser-
tion  points19. In detail, the force-strain relationship of each spring is described by a nonlinear piecewise function 

Figure 1.  Ligament bundles and muscles included into the multibody model. (a) Lateral view; (b) medial view; 
(c) frontal view. Red ellipsoids represent tendons of the M. quadriceps femoris and black upward arrows indicate 
the initial action lines of the Vastus medialis (Vmed), Vastus lateralis (Vlat), Vastus intermedius (Vint), and 
Rectus femoris (RF).
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(Eq. 1), where ε is the ligament strain, εL is a reference value of strain assumed to be 0.03 and k is the stiffness 
parameter, expressed as force per unit strain, of each different ligament bundle. The ligament strain ε is defined 
by Eq. (2), where l is the actual ligament length and l0 is the zero-load length, also called slack length, that is, the 
maximum linear distance between the ligament attachment points above which the ligament gets taut.

The considered ligaments bundles with the related stiffness parameters k (Table 1) were retrieved from lit-
erature  studies10,20–24.

The zero-load length of each ligament bundle was tuned by iteratively performing the simulation of a passive 
knee flexion. For this purpose, the femoral and tibial segments were vertically aligned with respect to the gravi-
tational field. Thus, the femur was fixed in space, whereas the tibial segment was only restrained proximally by 
the contact and ligaments forces. Subsequently, a dummy part together with a bushing element defined between 
this part and the tibia were used as expedient to drag the tibial segment along with the flexion movement, that 
is, from 5° extension up to 90° flexion.

Simultaneously, after each iteration, the ligament zero-load lengths were refined until the following conditions 
were satisfied: during the flexion movement (1) every ligament bundle is stretched, (2) the force exerted by each 
bundle is below 50 N, and (3) the tibiofemoral contact is  maintained22.

Furthermore, as necessary, the attachment points of the bundles were also adjusted to agree with the recruit-
ment patterns of the bundles reported in the  literature25.

Muscle action. Musculus (M.) quadriceps femoris was also implemented into the model. In particular, M. 
vastus medialis  (Vmed), M. vastus intermedius  (Vint), M. vastus lateralis  (Vlat), and M. rectus femoris (RF) were 
considered as distinct traction forces (Fig. 1). Origin and insertion muscle attachment points were adapted from 
data reported in the  literature26. All muscles originate from the femur (except for the M. rectus femoris which 
arises from the anterior inferior iliac spine) and insert on the upper edge of the patella through tendons that are 
modelled as chained ellipsoids. Such tendons representation is important to allow the femoral wrapping mecha-
nism that occurs during the knee flexion. Muscle forces were obtained by means of a proportional–integral–
derivative (PID) controller. To take into account the different muscle contributions, the controller output force 
was multiplied by the specific physiological cross-sectional area (PCSA) (Table 2)27 normalized by the mean 
PCSA (2147  mm2). Moreover, the muscle force is conditioned so that only a traction force within a physiological 
range can be applied. In particular, an upper limit is estimated as the PCSAs of the muscle multiply by maximum 
isometric muscle stress equal to 1  MPa28. A lower force limit is also defined as 1% of the maximum force  value29. 
This minimum constant force serves as preload to compensate tendon slack. After the controller tuning process, 
the proportional, integrative, and derivative K gains resulted equal to 300, 5, and 3, respectively.

Contact definition and pressure distributions. Compliant contacts were also defined between the 
femoral and patellar components, the femoral component and quadriceps tendons, and the femoral and tibial 
insert components.

(1)f =







−k(ε − εL), ε > 2εL

−0.25k ε2

εL
, 0 ≤ ε ≤ 2εL

0, ε < 0

(2)ε =
(l − l0)

l0

Table 1.  Stiffness parameters (expressed as force per unit strain) for each ligament bundle.

Ligament bundle k (N)

aMCL 2500 10

iMCL 3000 10

pMCL 2500 10

aLCL 2000 10,20

pLCL 2000 10,20

lPL 58,000 21

iPL 58,000 21

mPL 58,000 21

pMPFL 141 23,24

mMPFL 141 23,24

dMPFL 141 23,24

pLPFL 141 23,24

mLPFL 141 23,24

dLPFL 141 23,24
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The contact force Fc was computed using an interpenetration formulation derived from Hertz’s contact 
 theory30:

where K is the contact stiffness constant in N/mm, δ is the penetration depth in mm between the undeformed 
contacting bodies, e is the nonlinear power exponent, δ̇ is the penetration velocity and C is a sigmoid damping 
function that depends on the penetration depth and it is defined by a maximum penetration constant δmax at 
which the damping function reaches its maximum value Cmax . Such sigmoid damping functions serve to avoid 
discontinuities at the initial instant of contact. Hence, on the right side of the equation, the first term represents 
the elastic force contribute while the second term is the energy dissipated during the contact. In addition, the 
contribution of the friction force between implant components was taken into account and computed by using 
a Coulomb’s model considering values of 0.03 and 0.01 as static and dynamic friction coefficients,  respectively31.

To predict the pressure distribution on the tibial insert, both considered insert geometries were discretized 
into hexahedral elements with a cross-sectional area (A) of 4  mm2. Thereby, the elastic foundation theory was 
used to define the contact stiffness constant between the femoral component and each element of the discretized 
insert. In particular, the contact stiffness can be expressed as follows:

with Young’s modulus (E) equal to 648 MPa, Poisson’s ratio (ν) of 0.46, and elastic layer thickness (h) of 10  mm32. 
Tibiofemoral contact pressures were computed in MATLAB (v. 2021, MathWorks, Natick, MA) as the filtered 
(zero-phase Butterworth low-pass filter, 2nd order, 5 Hz cut-off frequency) contact forces divided by the cross-
sectional area of the insert elements (A).

Except for the contact stiffness involved in the tibiofemoral contact, a design of experiment (DOE) was 
adopted to estimate the contact parameters. Specifically, the objective of the DOE was to minimize the presence 
of high-frequency oscillations in the monitored contact force of interest, i.e., the tibiofemoral contact force. 
Table 3 summarizes the final values used for the implementation of the contacts.

Insert designs. The two considered total knee implants are characterized by the same femoral and tibial 
components, but fixed-bearing polyethylene inserts with different geometries.

Overall, the MP design is characterized by a reduced lateral congruence with respect to the medial one. The 
purpose of this asymmetry is to replicate the physiological tibiofemoral kinematics, which consists in a tibial 
internal rotation resulting from the coupled medial pivot and lateral femoral rollback movements during the knee 
 flexion33. Conversely, the UC design should guarantee a high congruence between femoral and insert surfaces, 
over the whole flexion range, showing a specular shape for the medial and lateral compartments.

However, comparing the sagittal section of each compartment between the designs (Fig. 2), it is possible to 
see that, on the medial compartment, the MP design is more congruent than the UC, whereas, on the lateral 
compartment, the MP design shows a significantly lower anterior edge as well as a slightly higher posterior edge 
with a smaller radius of curvature and, above all, a flat profile at the middle of the compartment. Looking at the 
insert section on the frontal plane, it can be seen that both compartments of the MP design present a slightly 
smaller radius of curvature than the UC design.

(3)Fc = Kδe + C(δ, δmax , Cmax)δ̇

(4)K =
(1− ν)EA

(1+ ν)(1− 2ν)h

Table 2.  Muscles included in the model with relative PCSAs.

Muscle PCSA  (mm2)

M. vastus medialis 2060

M. vastus intermedius 1670

M. vastus lateralis 3510

M. rectus femoris 1350

Table 3.  Contact parameters. Value of contact stiffness (K), nonlinear power exponent (e), maximum 
damping constant  (Cmax), maximum penetration constant (δmax) for the different contact pairs.

Contact pair K (N/mme) Cmax (Ns/mm) δmax (mm) e

Femoral component
Tibial Insert 1198 375 0.1 1.0

Femoral component
Patellar component 30,000 60 0.1 1.5

Femoral component
Quadriceps tendon 500 5 0.1 2.0
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Squat simulation. To compare the knee joint dynamics resulting from the different insert designs, a weight-
bearing squat simulation was performed, within the gravitational field, by assigning a mass fraction of 29.3 kg 
to the pelvis. Such mass fraction was derived through the sum of the masses of the body segments (head, neck, 
upper arm, forearm, hand, trunk, and thigh) computed as a percentage of the whole-body  mass34 for a male 
subject of 66.7 kg. In particular, only half of the resulting mass value for trunk, head and neck was taken into 
account since it was assumed an equal distribution of the load between the two lower limbs.

During the squat motion, the pelvis was constrained to translate along the vertical direction, and the flexion 
movement was allowed at the hip joint (Fig. 3a). All six degrees of freedom (DOF) were permitted for the patel-
lofemoral joint. Moreover, the tibia was constrained to the foot through the ankle joint which was defined to 
prevent vertical and anteroposterior relative  translations35. The tibia and fibula were assumed to be one rigid 
body. Finally, the foot was ground-fixed.

The knee flexion was achieved by defining a specific vertical displacement for the femoral head center, hence, 
the implemented PID controller continuously adjusted the quadriceps muscle forces to follow the target vertical 
trajectory, generating a knee flexion from the extended position to 90° flexion (Fig. 3b) in about 2.2  s36. This 
flexion range was chosen since, especially for most patients subjected to TKA, it represents a reasonable range 
of motion achieved during daily activities.

Figure 2.  Comparison between the medial-pivot (dashed profiles) and ultra-congruent (solid lines) designs.

Figure 3.  (a) Multibody model of the lower right limb with black arrows indicating the DOF assigned to the 
pelvis, hip, and ankle during the squat simulation; (b) lateral view of the model in extension and 90° flexion.
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As regards kinematics measurements, tibial internal rotation was derived from the relative angular displace-
ments between two defined body-fixed reference systems, one for the femur and the other for the tibia (Fig. 4), 
both with the same orientation and located along the transepicondylar axis (TEA), which is defined as the line 
passing through the centers of two spheres inscribing the femoral  condyles37, in the middle of the centers of the 
spheres.

Moreover, the anteroposterior position of each condyle was measured as the projection on the tibial tray of 
the minimal distance between the center of the sphere inscribing the condyle and the anterior edge of the tibial 
component. Based on these defined references, the anteroposterior translation value increases negatively when 
a femoral condyle moves posteriorly.

Results
Outcomes from squat simulations, involving the two different insert designs, were compared in terms of tibi-
ofemoral contact force, pressure distribution on the insert surface, anteroposterior translation (femoral rollback) 
of the lateral and medial femoral condyles, and tibial internal rotation.

Kinematics results showed similar ranges of internal tibial rotation for the MP and UC design, that are, 3.5° 
and 3.4°, respectively (Fig. 5a). However, it is possible to note a different trend over the whole flexion. Indeed, 
the UC design generates almost no rotation over the first 30°, maintaining a constant value of about 0°, then the 
rotation increases linearly up to 3.3°. Conversely, the MP design shows an early increase, reaching 3° of internal 
rotation at about 45° flexion, successively, the rotation stays between 3° and 4°.

Overall, the femoral rollback measurements show an anterior translation, over the first 35°, followed by a 
posterior translation (Fig. 5b). In detail, both designs generate a medial anterior translation of about 4.4 mm, 

Figure 4.  Defined reference systems to measure the tibial internal rotation  (IRT) and the anteroposterior 
translation of each condyle. It can be seen the transepicondylar axis (TEA) passing through the centers (white 
points) of two spheres inscribing the femoral condyles. Also, the two body-fixed reference systems for the femur 
 (SF in red) and the tibia  (ST in black) are showed. These are located on the TEA in the middle of the centers of 
the spheres and used to measure the  IRT as the relative rotation of  ST with respect to  SF along the y direction. At 
the beginning of the simulation,  SF and  ST are coincident with the y axis along the  y0 axis of the global reference 
system  (S0). The anteroposterior positions of both lateral  (Tlat) and medial  (Tmed) condyle are obtained as the 
projection (white lines) on the tibial tray of the minimal distance between the center of the spheres and the 
anterior edge of the tibial tray. The condyle position is measured along an axis pointing anteriorly and having 
origin at the anterior edge of the tibial tray (point O). Therefore, measured positions result negatives.
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whereas the lateral anterior translation results equal to 3.9 mm for the UC and only 2.3 mm for the MP. Start-
ing from 35° flexion, in both designs, the lateral femoral condyle performs a rollback that recovers the previous 
anterior translation. On the other side, the medial posterior translation is limited to 1.1 mm and 1.8 mm for the 
UC and MP, respectively.

Concerning the tibiofemoral contact forces (Fig. 5c), values equal to 561 N and 609 N were obtained in exten-
sion for the UC and MP, respectively. For both designs the contact force increases over the whole knee flexion, 
leading to a maximum common value of about 2824 N at 90° flexion, which corresponds to 4.3 times the total BW.

Although no remarkable differences between UC and MP design were observed in total tibiofemoral contact 
forces, the relative contact pressure distributions on the insert surface revealed considerable distinctions.

Overall, contact pressures increase together with the flexion angle, reaching the highest values at 90° flex-
ion (Fig. 6). Nevertheless, the UC design causes more concentrated contact forces than the MP design, on 
both medial and lateral insert compartments. Specifically, the UC design presents narrower and more rounded 
contact footprints, whereas the MP design is characterized by wider contact footprints. In particular, the MP 
design presents a well-distributed contact on the medial compartment for 10° flexion. Peak pressures resulted 
equal to 20 MPa and 33 MPa for MP and UC design, respectively. Such peak values were found on the medial 

Figure 5.  Kinematics and dynamics findings from the squat movement. (a) Tibial internal rotation; (b) medial 
and lateral femoral condyles rollback for both MP and UC inserts; (c) total tibiofemoral contact force during the 
squat movement.
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compartment in both designs. Furthermore, it is possible to note that the lateral contact moves posteriorly, in 
contrast with the medial one, which moves anteriorly over the flexion.

Discussion
The presented computational study allowed for a realistic biomechanical investigation of the behaviour of a total 
knee arthroplasty with two different shapes of the insert component, namely, the MP and UC designs. Kinematics 
results revealed that the alternative designs generate a different trend of the tibial internal rotation. Especially, 
during the first 30° of flexion, the MP design showed a more physiological behaviour allowing an immediate and 
gradual tibial internal rotation, while the UC design seems to hinder the rotation in the same flexion range. Com-
pared to the physiological knee, findings showed a reduced internal tibial rotation due to the TKA, substantially 
confirming what was reported in the literature. Indeed, considering a 90° squat task, Dennis et al.38 observed an 
average maximum internal tibial rotation of 17.5° in healthy knees, and 2.7° in patients having a fixed-bearing 
posterior-cruciate-retaining TKA with the posterior cruciate ligament sacrificed.

Regarding the femoral rollback, during early knee flexion, it can be noted the so-called “paradoxical motion”, 
that is, the anterior translation of the femoral  condyles39. Such anterior femoral sliding, although being not physi-
ological, was observed in most of the total knee designs and should be carefully considered since it may lead to 
patient  dissatisfaction6,40,41. Moreover, a similar amplitude of lateral rollback between designs was observed. The 
reason behind this result could be a low difference between the designs in terms of the posterior profile, on the 
sagittal plane, of the lateral compartment. The distinctive kinematics owing to the designs might have been also 
mitigated by the equally applied boundary conditions, such as the lack of cruciate ligaments.

Concerning the tibiofemoral contact forces, no considerable differences arose between the different designs. 
However, during extension, the MP design generates a slightly higher force (+ 8.5%) than the UC. This difference 
may be ascribed to the higher sagittal conformity of the medial compartment of the MP design, which leads to 
a greater restraining  effect3. The maximum contact force of 4.3 BW is within the range of 2.3–7.3 BW reported 
in the  literature42.

The implementation of the discretization process applied to the insert geometry permitted to obtain the 
contact pressure distributions on the surface of the inserts, directly within the multibody simulation framework. 
In this regard, with respect to the MP design, the UC design causes force concentrations which could trigger or 
speed up wearing phenomena. This is owing to the greater radius of curvature of the medial and lateral com-
partments that the UC design presents on the frontal plane. Indeed, even if minimal, such difference produces 

Figure 6.  Pressure distribution on the insert surface at three successive flexion angles (10°, 45° and 90°) during 
the squat movement.
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lower conformity on the frontal plane between the femoral condyles and insert compartments, explaining the 
more rounded shape of the contact footprints observed for the UC design. Conversely, the higher conformity of 
the MP design on the frontal plane, justifies the wider contact footprints extended along the mediolateral axis. 
Looking at the maximum pressure values, 20 MPa and 33 MPa for MP and UC design, respectively, these are 
consistent with findings of other numerical studies. For instance, Bei and  Fregly43 reported a peak pressure of 
28 MPa, during a gait cycle, under a load of 3 BW. In their experiments, Fregly and co-workers44 measured pres-
sure peaks between 25 and 35 MPa, under a loading condition of 3000 N at 90° flexion. Furthermore, Stylianou 
predicted a maximum value of about 26 MPa at 2500 N of tibiofemoral compressive force during a squat  motion31. 
Also, in the numerical study of Shu and colleagues, a maximum contact pressure of approximately 35 MPa was 
observed for a low conformity design during  squatting45. However, it has to be stated that direct comparisons 
with other studies should be carefully interpreted since findings are highly design-dependent, especially those 
related to the contact pressure.

Overall, this study presents some limitations that need to be pointed out. First, ligaments’ locations were 
derived by anatomical references. A better approach would consist in deriving the ligaments’ attachment points 
directly from magnetic resonance imaging (MRI) images. Second, although in line with methods reported by 
other studies, only the quadriceps muscle group was here implemented. In future developments, additional mus-
cles will be integrated into the model (e.g., the hamstrings). Furthermore, the performed weight-bearing squat 
simulation, with its specifically constraints set, cannot exactly mimic a squat movement as performed in vivo46. 
Rather, this latter could be achieved by integrating motion capture data into the model. On the other hand, the 
implemented squat simulation allows for realistic knee loading conditions while resulting particularly suitable 
for being validated in vitro by means of experimental setups, i.e., test  rigs47–49.

Finally, it should be stated that findings were not directly validated against ad hoc experiments; however, 
the conducted comparison with reported data was performed showing good agreements with the literature. 
Moreover, thanks to the discretization of the insert geometry, the contact locations, as well as the pressure maps 
on the insert surface, were efficiently obtained within the multibody framework, therefore, without the need of 
further finite element analyses (FEA) which, as known, implies intensive computational efforts.

Conclusions
In conclusion, the here presented findings can provide indications for total knee implants development and 
optimization, highlighting the essential role of both sagittal and frontal tibiofemoral conformity in order to 
avoid pressure peaks, which might lead to the insert deterioration due to yielding phenomena. In particular, 
the considered MP design, with respect to the UC, showed a more physiological-like tibial rotation in the early 
knee flexion and lower tibiofemoral contact pressures, ultimately suggesting a reduced wear rate and, therefore, 
an improved implant longevity.

Data availability
All data generated and/or analysed during this study are available from the corresponding author on reasonable 
request except for the insert geometries, which were used under license from Gruppo Bioimpianti (Peschiera 
Borromeo, Milan, Italy) for the current study, and so are not publicly available.

Received: 13 July 2021; Accepted: 8 February 2022

References
 1. Ranawat, A. S. & Ranawat, C. S. The history of total knee arthroplasty. Knee Joint 33(1), 699–707 (2012).
 2. Dall’Oca, C. et al. Evolution of TKA design. Acta Biomed. 88(2-S), 17–31 (2017).
 3. Zhang, Q. et al. Insert conformity variation affects kinematics and wear performance of total knee replacements. Clin. Biomech. 

65, 19–25 (2019).
 4. Navacchia, A. et al. Subject-specific modeling of muscle force and knee contact in total knee arthroplasty. J. Orthop. Res. 34(9), 

1576–1587 (2016).
 5. Schmidt, R., Komistek, R. D., Blaha, J. D., Penenberg, B. L. & Maloney, W. J. Fluoroscopic analyses of cruciate-retaining and medial 

pivot knee implants. Clin. Orthop. Relat. Res. 410(410), 139–147 (2003).
 6. Sabatini, L. et al. Medial pivot in total knee arthroplasty: Literature review and our first experience. Clin. Med. Insights Arthritis 

Musculoskelet. Disord. 11, 117954411775143 (2018).
 7. Atzori, F., Salama, W., Sabatini, L., Mousa, S. & Khalefa, A. Medial pivot knee in primary total knee arthroplasty. Ann. Transl. Med. 

4(1), 4–7 (2016).
 8. Koh, Y., Jung, K., Hong, H., Kim, K. & Kang, K.-T. Optimal design of patient-specific total knee arthroplasty for improvement in 

wear performance. J. Clin. Med. 8(11), 2023 (2019).
 9. Ardestani, M. M., Moazen, M. & Jin, Z. Contribution of geometric design parameters to knee implant performance: Conflicting 

impact of conformity on kinematics and contact mechanics. Knee 22(3), 217–224 (2015).
 10. Bersini, S., Sansone, V. & Frigo, C. A. A dynamic multibody model of the physiological knee to predict internal loads during 

movement in gravitational field. Comput. Methods Biomech. Biomed. Eng. 19(5), 571–579 (2015).
 11. Twiggs, J. G. et al. Patient-specific simulated dynamics after total knee arthroplasty correlate with patient-reported outcomes. J. 

Arthroplasty 33(9), 2843–2850 (2018).
 12. Zumbrunn, T. et al. Regaining native knee kinematics following joint arthroplasty: a novel biomimetic design with ACL and PCL 

preservation. J. Arthroplasty 30(12), 2143–2148 (2015).
 13. Pianigiani, S., Chevalier, Y., Labey, L., Pascale, V. & Innocenti, B. Tibio-femoral kinematics in different total knee arthroplasty 

designs during a loaded squat: A numerical sensitivity study. J. Biomech. 45(13), 2315–2323 (2012).
 14. Putame, G. et al. Surgical treatments for canine anterior cruciate ligament rupture: Assessing functional recovery through multi-

body comparative analysis. Front. Bioeng. Biotechnol. 7, 1–11 (2019).
 15. Kebbach, M. et al. Effect of surgical parameters on the biomechanical behaviour of bicondylar total knee endoprostheses—A 

robot-assisted test method based on a musculoskeletal model. Sci. Rep. 9(1), 14504 (2019).



10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3052  | https://doi.org/10.1038/s41598-022-06909-x

www.nature.com/scientificreports/

 16. Fregly, B. J. et al. Grand challenge competition to predict in vivo knee loads. J. Orthop. Res. 30(4), 503–513 (2012).
 17. Kebbach, M. et al. Musculoskeletal multibody simulation analysis on the impact of patellar component design and positioning on 

joint dynamics after unconstrained total knee arthroplasty. Materials (Basel) 13(10), 2365 (2020).
 18. Gilroy, A. M., MacPherson, B. R., Ross, L. M. & Gaudio, E. Prometheus. Altante di anatomia (Edises, 2019).
 19. Blankevoort, L., Kuiper, J. H., Huiskes, R. & Grootenboer, H. J. Articular contact in a three-dimensional model of the knee. J. 

Biomech. 24(11), 1019–1031 (1991).
 20. Marra, M. A. et al. A subject-specific musculoskeletal modeling framework to predict in vivo mechanics of total knee arthroplasty. 

J. Biomech. Eng. 137(2), 020904 (2015).
 21. Piazza, S. J. & Delp, S. L. Three-dimensional dynamic simulation of total knee replacement motion during a step-up task. J. Biomech. 

Eng. 123(6), 599–606 (2001).
 22. Guess, T. M. & Razu, S. Loading of the medial meniscus in the ACL deficient knee: A multibody computational study. Med. Eng. 

Phys. 41(3), 26–34 (2017).
 23. Mountney, J., Senavongse, W., Amis, A. A. & Thomas, N. P. Tensile strength of the medial patellofemoral ligament before and after 

repair or reconstruction. J. Bone Joint Surg. Br. 87-B(1), 36–40 (2005).
 24. Merican, A. M., Sanghavi, S., Iranpour, F. & Amis, A. A. The structural properties of the lateral retinaculum and capsular complex 

of the knee. J. Biomech. 42(14), 2323–2329 (2009).
 25. Blankevoort, L., Huiskes, R. & de Lange, A. Recruitment of knee joint ligaments. J. Biomech. Eng. 113(1), 94 (1991).
 26. Delp, S. L. et al. An interactive graphics-based model of the lower extremity to study orthopaedic surgical procedures. IEEE Trans. 

Biomed. Eng. 37(8), 757–767 (1990).
 27. Ward, S. R., Eng, C. M., Smallwood, L. H. & Lieber, R. L. Are current measurements of lower extremity muscle architecture accu-

rate?. Clin. Orthop. Relat. Res. 467(4), 1074–1082 (2009).
 28. An, K. N., Kaufman, K. R. & Chao, E. Y. S. Physiological considerations of muscle force through the elbow joint. J. Biomech. 

22(11–12), 1249–1256 (1989).
 29. Shelburne, K. B. & Pandy, M. G. A dynamic model of the knee and lower limb for simulating rising movements. Comput. Methods 

Biomech. Biomed. Eng. 5(2), 149–159 (2002).
 30. Flores, P. Compliant contact force approach for forward dynamic modeling and analysis of biomechanical systems. Procedia IUTAM 

2, 58–67 (2011).
 31. Stylianou, A. P., Guess, T. M. & Kia, M. Multibody muscle driven model of an instrumented prosthetic knee during squat and toe 

rise motions. J. Biomech. Eng. 135(4), 041008 (2013).
 32. Zaribaf, F. P. Medical-grade ultra-high molecular weight polyethylene: past, current and future. Mater. Sci. Technol. (United King-

dom) 34(16), 1940–1953 (2018).
 33. Mu, S. et al. Comparison of static and dynamic knee kinematics during squatting. Clin. Biomech. 26(1), 106–108 (2011).
 34. Tözeren, A. Human Body Dynamics (Springer, 2000).
 35. Tanaka, Y. et al. How exactly can computer simulation predict the kinematics and contact status after TKA? Examination in 

individualized models. Clin. Biomech. 39, 65–70 (2016).
 36. Geier, A. et al. Neuro-musculoskeletal flexible multibody simulation yields a framework for efficient bone failure risk assessment. 

Sci. Rep. 9(1), 6928 (2019).
 37. Asano, T., Akagi, M., Tanaka, K., Tamura, J. & Nakamura, T. In vivo three-dimensional knee kinematics using a biplanar image-

matching technique. Clin. Orthop. Relat. Res. 388, 157–166 (2001).
 38. Dennis, D. A., Komistek, R. D., Mahfouz, M. R., Walker, S. A. & Tucker, A. A multicenter analysis of axial femorotibial rotation 

after total knee arthroplasty. Clin. Orthop. Relat. Res. 428, 180–189 (2004).
 39. Moewis, P. et al. Weight bearing activities change the pivot position after total knee arthroplasty. Sci. Rep. 9(1), 1–8 (2019).
 40. Dennis, D. A., Komistek, R. D., Mahfouz, M. R., Haas, B. D. & Stiehl, J. B. Conventry award paper: multicenter determination of 

in vivo kinematics after total knee arthroplasty. Clin. Orthop. Relat. Res. 416, 37–57 (2003).
 41. Pfitzner, T. et al. Modifications of femoral component design in multi-radius total knee arthroplasty lead to higher lateral posterior 

femoro-tibial translation. Knee Surg. Sport. Traumatol. Arthrosc. 26(6), 1645–1655 (2018).
 42. Mizu-uchi, H. et al. Patient-specific computer model of dynamic squatting after total knee arthroplasty. J. Arthroplasty 30(5), 

870–874 (2015).
 43. Bei, Y. & Fregly, B. J. Multibody dynamic simulation of knee contact mechanics. Med. Eng. Phys. 26(9), 777–789 (2004).
 44. Fregly, B. J., Bei, Y. & Sylvester, M. E. Experimental evaluation of an elastic foundation model to predict contact pressures in knee 

replacements. J. Biomech. 36(11), 1659–1668 (2003).
 45. Shu, L., Yamamoto, K., Kai, S., Inagaki, J. & Sugita, N. Symmetrical cruciate-retaining versus medial pivot prostheses: The effect 

of intercondylar sagittal conformity on knee kinematics and contact mechanics. Comput. Biol. Med. 108, 101–110 (2019).
 46. Varadarajan, K. M., Harry, R. E., Johnson, T. & Li, G. Can in vitro systems capture the characteristic differences between the 

flexion-extension kinematics of the healthy and TKA knee?. Med. Eng. Phys. 31(8), 899–906 (2009).
 47. Innocenti, B., Pianigiani, S., Labey, L., Victor, J. & Bellemans, J. Contact forces in several TKA designs during squatting: A numeri-

cal sensitivity analysis. J. Biomech. 44(8), 1573–1581 (2011).
 48. Didden, K. et al. Anteroposterior positioning of the tibial component and its effect on the mechanics of patellofemoral contact. J. 

Bone Joint Surg. Br. 92-B(10), 1466–1470 (2010).
 49. Fitzpatrick, C. K., Baldwin, M. A., Clary, C. W., Maletsky, L. P. & Rullkoetter, P. J. Evaluating knee replacement mechanics during 

ADL with PID-controlled dynamic finite element analysis. Comput. Methods Biomech. Biomed. Eng. 17(4), 360–369 (2012).

Acknowledgements
This work was supported by a grant from Gruppo Bioimpianti (Peschiera Borromeo, Milan, Italy), a manufacturer 
of orthopaedic devices, which had no role in the data collection, analysis, decision to publish, and preparation 
of the manuscript.

Author contributions
G.P. carried out numerical simulations and wrote the manuscript draft. M.K. and M.T. contributed to the imple-
mentation of the numerical models and interpretation of the simulations results. F.R. contributed to the con-
ception of the study and provided clinical considerations. R.B. and C.B. pointed out biomechanical aspects of 
the study. In particular, C.B. supervised and organized the work. All authors reviewed and approved the final 
manuscript.

Competing interests 
The authors declare no competing interests.



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3052  | https://doi.org/10.1038/s41598-022-06909-x

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to G.P.

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

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

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

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

© The Author(s) 2022

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

