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	� BIOMECHANICS

Effect of surface matching mismatch 
of focal knee articular prosthetic on 
tibiofemoral contact stress using finite 
element analysis

Aims
Focal knee arthroplasty is an attractive alternative to knee arthroplasty for young patients 
because it allows preservation of a large amount of bone for potential revisions. However, the 
mechanical behaviour of cartilage has not yet been investigated because it is challenging to 
evaluate in vivo contact areas, pressure, and deformations from metal implants. Therefore, 
this study aimed to determine the contact pressure in the tibiofemoral joint with a focal knee 
arthroplasty using a finite element model.

Methods
The mechanical behaviour of the cartilage surrounding a metal implant was evaluated using 
finite element analysis. We modelled focal knee arthroplasty with placement flush, 0.5 mm 
deep, or protruding 0.5 mm with regard to the level of the surrounding cartilage. We com-
pared contact stress and pressure for bone, implant, and cartilage under static loading con-
ditions.

Results
Contact stress on medial and lateral femoral and tibial cartilages increased and decreased, 
respectively, the most and the least in the protruding model compared to the intact model. 
The deep model exhibited the closest tibiofemoral contact stress to the intact model. In ad-
dition, the deep model demonstrated load sharing between the bone and the implant, while 
the protruding and flush model showed stress shielding. The data revealed that resurfacing 
with a focal knee arthroplasty does not cause increased contact pressure with deep implanta-
tion. However, protruding implantation leads to increased contact pressure, decreased bone 
stress, and biomechanical disadvantage in an in vivo application.

Conclusion
These results show that it is preferable to leave an edge slightly deep rather than flush and 
protruding.
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Article focus
	� The effect of depth level of focal articular 

prosthetic on tibiofemoral contact stress 
using finite element analysis.

Key messages
	� The biomechanical effects depend on the 

inserted level of focal knee arthroplasty.

	� The inserted level is important for the 
lifespan of focal knee arthroplasty and 
successful surgery.

Strengths and limitations
	� This study showed that the inserted level 

of focal knee arthroplasty has a significant 
effect on the opposite surfaces based on 
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the contact pressure evaluated through the computa-
tional simulation of the deep model.
	� This study did not compare the actual clinical data for 

contact stress and pressure.

Introduction
Full-thickness cartilage defects can cause early osteoar-
thritis (OA).1,2 If conservative treatment is not successful, 
other surgical approaches are possible. A localized 
treatment that maintains the surrounding and oppo-
site healthy cartilage is preferred.3 The current surgical 
options for treatment of localized cartilage defects are 
primarily aimed at biological repair, including joint lavage 
and debridement, subchondral drilling, osteochondral 
transplantation, and autologous chondrocyte transplan-
tation.3 Metallic inlay resurfacing was developed to accu-
rately match the metal implant surface to the patient’s 
articular cartilage surface to fill the defect and restore a 
smooth and continuous articulating surface.4 In addi-
tion, osteochondral transplantation is an effective treat-
ment for such defects, but the outcome is dependent 
on the stability and restoration of surface congruency 
in other parameters.5 The rationale of the device is to 
provide an additional treatment layer for management 
of focal defects after biological measurements have been 
exhausted or are deemed unsuitable for middle-aged 
or elderly patients. Healthy cartilage, bone, and soft-
tissue are restored until conventional joint arthroplasty 
becomes necessary.6

An implant fabricated from a hard material imposes 
specific requirements on the surgeon’s instruments and 
on the implant itself. The surgery has to be performed 
with precision so that no part of the implant protrudes 
above the surrounding cartilage, thereby acting as a 
plough on the opposing articulating surface. In an 
attempt to address the requirements for precision, an 
implant has been developed with a design based on the 
patient-specific knee curvature from MRI or CT images.7 
The MRI images are used to examine the lesion and 
provide details to the surgeon, and the implants and 
guide instruments are manufactured through computer-
aided design and manufacturing (CAD/CAM).7 The 
success of this approach is dependent on various factors. 
Since localized implants articulate on healthy unaffected 
cartilage, it is anticipated that the position of the implant 
in relation to the adjacent tissues affects the articulating 
surfaces. It is not yet clear whether it is better, in terms 
of articulating surface integrity, to place an implant flush 
with the surrounding cartilage or slightly depressed. Koh 
et al5 studied the effect of a mismatch of graft height on 
contact pressures in the adult swine knee. They demon-
strated that normal contact pressures and patterns can be 
duplicated with flush articular surface grafts.5 Custers et 
al3 evaluated the effect on opposing cartilage quality and 
osseointegration at various insertion depths. They deter-
mined that placement flush to the surrounding cartilage 
is essential.3 In addition, they found that positioning the 
implant flush induced less tibial cartilage degradation 

compared to other models. However, their study could 
not determine a load transmission mechanism to explain 
how focal knee arthroplasty affects contact pressure on 
the medial and lateral tibial cartilage.

Therefore, the purpose of this study was to investigate 
the biomechanical effect of placement depth of focal 
knee arthroplasty with placement flush, 0.5  mm deep, 
or protruding 0.5  mm with regard to the level of the 
surrounding tissue. We investigated contact pressure on 
articular cartilage and stress on the bone in the tibiofem-
oral joint regarding focal knee arthroplasty positions.

Methods
Development of the focal knee arthroplasty model.  An an-
atomically precise finite element (FE) model of the lower 
limb was developed using imaging data obtained from 
a healthy, skeletally mature young male athlete without 
knee injury history.8-10 The model included bony struc-
tures of the lower limb with the soft-tissue details of the 
patellofemoral and tibiofemoral aspects of the knee joint. 
This computational knee model was developed and val-
idated in Kang et al.8-10 The bones of our computational 
knee model were created based on CT data, while the 
soft-tissues were based on MRI data. The maximum con-
tact stress at the menisci value was compared for valida-
tion. The femur and tibia were divided into cortical and 
cancellous bone. The geometry was simplified using 
thickness constants of 1 mm for the cortical bone of the 
femur and tibia.11,12 The constitutive laws for the cortical 
and cancellous bone were assumed to be linearly elas-
tic and homogeneous. The cortical bone was considered 
transversely isotropic, and the following material prop-
erties were used: E1 = E2 = 11.5 GPa, 0E3 = 17 GPa, ν12 = 
0.58, and ν23 = ν13 = 0.31.13 The cancellous bone was 
considered linear elastic isotropic. The following materi-
al properties were used: E = 2.13 GPa and ν = 0.3.13 The 
articular cartilage was defined as an isotropic and linear 
elastic material with E = 15 MPa and ν = 0.47, where a 
time-independent and simple compressive load was ap-
plied to the knee joint.14,15 The interfaces between the car-
tilage and bones were modelled as fully bonded. The me-
nisci were modelled as transversely isotropic linear elastic 
materials with different mechanical properties in the cir-
cumferential, axial, and radial directions.14,15 The follow-
ing material properties were used: E = 120 MPa in the cir-
cumferential direction, E = 20 MPa in the axial and radial 
directions, v = 0.2 in both the circumferential and radial 
directions, and v = 0.3 in the axial direction.14,15 To simu-
late meniscal attachments, each meniscal horn was fixed 
to the bone using linear spring elements (“SPRINGA” 
element type) with a total stiffness of 2,000  N/mm at 
each horn.11 The cartilage layers were meshed using pen-
tahedral or hexahedral elements, and the menisci were 
meshed with hexahedral elements. The ligament mod-
els were defined as hyperelastic rubber-like materials 
that showed nonlinear stress strain relationships.11 The 
initial ligament strain model was developed based on a 
previous study.16 Contact between the femoral cartilage, 
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meniscus, and tibial cartilage was modelled on both the 
medial and lateral sides.17,18 The contact option adopted 
a finite sliding frictionless hard contact algorithm without 
any penetration in all articulations. We modelled focal 
knee arthroplasty while maintaining the femoral carti-
lage curvature. We created the curvature of the femur on 
the coronal and sagittal planes based on the mechanical 
axis of the knee for implant location. The implant was 
inserted at the centre to meet the curvature of the sag-
ittal and coronal planes (Figure  1). The implants had a 
specific default diameter and size along with a cap height 
of 2.5 mm. The pin was 2 mm in diameter and 10 mm in 
length (Figure 1). The radius of curvature of the spheri-
cal profile was 10 mm (Figure 1). In addition, the depth 
of focal knee arthroplasty was modelled with placement 
flush, 0.5 mm deep and protruding 0.5 mm with respect 
to the level of the surrounding tissue (Figure 2). Co–Cr 
material was used for the implant, and its Young’s mod-
ulus and Poisson’s ratio were set as E = 220.000 MPa and 
v = 0.3, respectively.

We performed a Mesh convergence test to complete 
the simulation. Convergence was reached if the rela-
tive change between the two adjacent meshes was  < 
5%. Mean element sizes were 0.8 mm for cartilage and 
menisci.
Loading and boundary conditions.  We applied the same 
conditions for intact model validation and clinically rel-
evant loading scenarios for the focal knee arthroplasty 
models. These methods have previously been reported in 
Koh et al.19 The bottom of the tibial bone was constrained 
in all translational and rotational degrees of freedom, 
while the femur was only restricted in knee flexion, which 
was fixed at 0° to simulate the short-term gait load of a 
human knee joint in full extension. A reference point, lo-
cated in the central region between the lateral and medial 
femoral epicondyles, was coupled to the femoral surface 
using the constraint method (Figure 3). An axial compres-
sive load of 1,150 N was exerted on the femoral condyle 
reference point, which is associated in the gait cycle load 
in full extension (0° flexion angle). The model was analyz-
ed using ABAQUS software (version 6.11; Simulia, USA). 

Contact stresses on the femoral cartilage, as well as the 
medial and lateral tibial cartilages and stresses on the 
bone, were evaluated in relation to the implant position.

Results
For model validation, maximum contact stress on menisci 
was compared with previous FE results.16 Maximum 
contact stresses in the medial and lateral menisci were 
3.1 MPa and 1.53 MPa, respectively, under an axial load 
of 1,150 N, within 4% of maximum contact stresses corre-
sponding to 2.9  MPa and 1.45  MPa from Peña et al.16 
These minor differences can be attributed to variations 
in geometry, such as differences in the thickness of the 
cartilage and meniscus in different studies. However, the 
general consistency between the validation results and 
those reported in the literature demonstrates the ability 
of the FE model to produce reasonable results.

Figure  4 shows maximum contact stress on the 
femoral cartilage and implant for intact, defect, and focal 
knee models for various implant position depths. On the 
medial femoral cartilage (implant), the deep, flush, and 
protruding models demonstrated that maximum contact 
stress increased by 11%, 104%, and 288%, respectively, 

Fig. 1

Parameters and location in the implant geometry.

Fig. 2

Models of implants under three different insertion positions: a) intact model; 
b) defect model; c) flush model; d) 0.5 mm deep position compared to 
surrounding cartilage; and e) 0.5 mm protruding deep position compared 
to surrounding cartilage.
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compared to the intact model. On the lateral femoral 
cartilage, the focal defect model showed that maximum 
contact stress increased by 14% in comparison with the 
intact model. The contact stress of the flush, protruding, 
and deep models decreased compared to that of the 
intact model.

Figure 5 shows the contact pressure on the lateral and 
medial tibial cartilages for the intact, defect, and focal 
knee models with various implant position depths. On 
the medial tibial cartilage, maximum contact stress in the 
focal defect model increased by 9% compared to the intact 
model. The protruding model exhibited a 104% increase, 
while the flush model increased by 41% compared to 
the intact model in maximum contact pressure. On the 
lateral tibial cartilage, maximum contact stress of the focal 
defect model increased by 10% compared to the intact 
model. On the contrary, the flush and protruding models 
decreased by 17% and 61%, respectively, compared to 
the intact model. However, maximum contact stress on 
medial and lateral tibial cartilages in the deep model was 
similar to those in the intact model.

Figure  6 shows the mean von Mises stress on the 
bone for focal knee models with various implant position 
depths. The stress on the bone was greatest in the deep 
model, followed by the flush and protruding models.

Discussion
The most important finding of this study was that contact 
pressure on the opposite cartilage in the deep model 
was similar to that in the intact model. However, contact 

pressure on the lateral femoral cartilage in the protruding 
model was lower than that in the intact model, while 
contact pressure on the opposite cartilage was more than 
twice that in the intact model. This finding indicates the 
risk of progressive degeneration of the tibial cartilage.

The relationship between focal articular injury and 
OA has not yet been established. The similar biological, 
mechanical, and macroscopic features show that both 
conditions exist along a continuum of joint degenera-
tion.6 The goal of articular cartilage repair procedures is 
to reduce morbidity and preserve the normal biological 
and biomechanical properties of intact articular cartilage 
for restoration of normal joint function. It is a serious 
challenge for orthopaedic surgeons to treat patients over 
40  years of age with full-thickness chondral or osteo-
chondral defects. Considered too old for biological repair 
of such defects, these patients are primarily treated with 
conservative, non-surgical approaches, including weight 
reduction, physical therapy to increase and support 
musculature, and unloading braces. However, conserva-
tive treatment at best ameliorates the symptoms; biome-
chanical studies have shown that untreated osteochondral 
defects may lead to increased contact pressures.20,21

Guettler et al22 stated that osteochondral lesions 
created in the medial femoral condyle appeared to show 
a statistically significant increase in peak rim stress value 
compared to knees under normal conditions. In terms of 
biomechanics, Brown et al23 demonstrated stress aber-
rations following imprecise reduction of intra-articular 
knee fracture. Huber-Betzer et al24 showed that high-
contact pressures are caused adjacent to defects of the 
knee. This may well interfere with the ability of chondro-
cytes near these defects to function normally, given the 
importance of pressure-driven, interstitial fluid flow in 
normal cartilage.

In one study, animal models indicated that untreated 
osteochondral defects undergo progressive degenera-
tive changes.25 Although smaller defects exhibited the 
capacity for healing,25 larger defects caused resorption of 
their osseous walls, formation of large cavitary lesions, 
collapse of the surrounding articular cartilage and 
subchondral bone, and degeneration of the opposing 
tibial articular surface.25 Defect repairs are crucial to 
prevent or delay progressive degenerative joint destruc-
tion. However, unicompartmental or total knee arthro-
plasty is a procedure of last resort for some patients. A 
focal knee resurfacing prosthesis provides an interim or 
alternative treatment strategy for middle-aged patients 
with full-thickness cartilage defects. Clinically, Stålman 
et al26 demonstrated the safety of focal knee resur-
facing implants and function. As the pain considerably 
improved, patient satisfaction increased. However, the 
effects of a metallic implant articulating with the intact 
opposing tibial articular cartilage remain debatable. There 
are three fundamental challenges that must be satisfied. 
First, the implant must be bonded to the living tissue and 
become securely fixed. Second, the tribological situation 

Fig. 3

Schematic for boundary and loading conditions.
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must be accepted by the opposing cartilage. Third, the 
surrounding cartilage must accept the implant.

This computational study evaluated the effect of a 
surface-matched metallic articular resurfacing device 
on tibiofemoral contact pressure. We discovered that 
contact pressure on the lateral femoral cartilage increased 
in the focal defect model compared to the intact model. 
Such a trend was also reported by Koh et al.5 However, 
the protruding model showed decreased contact stress 
on the lateral femoral cartilage compared to the intact 
model, and exhibited the greatest contact stress on 
the implant (medial femoral cartilage). This is due to a 
change in load transmission in the knee joints that stems 
from the loss of mechanical function of the joint line. In 
addition, more cartilage damage was predicted for the 
medial tibial cartilage compared to the lateral tibial carti-
lage, irrespective of the implant position in all models. 
Such a trend was also found in Custers3 et al in their 
rabbit experiment. Less medial and lateral tibial carti-
lage damage occurred when implants were placed flush 
or deep as opposed to protruding. The damage of the 
medial tibial cartilage was most likely caused by implant 
articulation directly against the tibial cartilage. Interest-
ingly, the lateral tibial cartilage, which did not articulate 
directly against any implant, was damaged significantly 

less than the medial tibial cartilage.3 Moreover, at this 
location, damage was significantly associated with the 
implant and bearing material positioned in the medial 
compartment. This gradual decrease in cartilage quality 
has been identified, and might be explained by joint 
homeostasis as described in a previous report.27 There-
fore, there are a number of factors regarding the physio-
logical equilibrium mechanism of the synovial knee joint. 
This equilibrium is maintained by the cartilage, subchon-
dral bone, synovial fluid, intact menisci, and ligaments.3 
Implant positioning seems to be an important parameter 
for the extent of the final cartilage damage. A previous 
study using medial femoral condyle implants showed 
that cartilage damage of the tibial plateau was propor-
tional to any elevation of the prosthesis on the adja-
cent cartilage surfaces, which is in line with our results 
regarding protruding implants.28

An interesting finding was obtained for the protruding 
model. It showed a 104% increase in contact pressure on 
the medial tibial cartilage and a 61% decrease in contact 
pressure on the lateral tibial cartilage compared to the 
intact model. This might be attributed to the change 
in load transfer caused by the change of the joint line. 
Custers et al3 found that positioning the implant flush led 
to less tibial cartilage damage, compared to placing it 

Fig. 4

Comparison of maximum contact stress on a) medial and b) lateral femoral cartilage under different insertion positions.

Fig. 5

Comparison of maximum contact pressure on a) medial and b) lateral tibial cartilage under different insertion positions.
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1 mm below the surrounding cartilage surface. However, 
we found that the deep model showed less contact 
pressure compared to the flush model, and our findings 
indicated that the deep model may lead to less tibial 
cartilage damage than the flush model. In addition, our 
results exhibited good matching with those of Martinez-
Carranza et al,29 who suggested that implants should be 
recessed approximately 0.5 mm below the surrounding 
cartilage in their model.

Bone union is important for the success of any metal 
implant. Theoretically, the deep and flush models 
showed higher bone contact areas than the protruding 
model due to implant position. In addition, our results 
showed greater stress on bone in the deep and flush 
models compared to in the protruding model. This 
implies greater load sharing between bone and implant 
in the deep and flush models versus in the protruding 
model. The major reason that the protruding model 
showed greater stress shielding than the deep and flush 
models is implant positioning. Such stress may also be 
due to the relatively high loading conditions, likely to 
be related to higher positions. A metal implant is stiffer 
than the surrounding soft-tissues, such as cartilage. 
Most loading was exerted on the implant due to the 
implant position in the protruding model, which led to 
less stress on the femoral cartilage and bone, resulting 
in stress shielding.

In terms of clinical relevance, our results showed 
the importance of the implant position in focal knee 
defect surgery. This has implications for surgical prac-
tice, with precision being highly dependent on the indi-
vidual surgeon’s technique and experience. In fact, most 
surgeons try to operate so that the joint line is maintained 
during surgery. However, our computational studies 
showed that preserving the joint line yields negative 
results in terms of contact stress of cartilage.

In addition, the lowest contact stress on the tibial 
cartilage in the deep model does not imply that deep 
surgery is required, because the deep model increases 

loading in the lateral tibial cartilage due to force 
equilibrium.

This study had three limitations. First, the computa-
tional model was developed using data from a single, 
normal subject. Abnormal tibiofemoral alignment and 
distribution of weightbearing between the medial 
and lateral compartments of the tibia, which leads 
to a medial lesion, were not included in the model. 
However, the advantage of a computational simula-
tion of a single, normal subject is the ability to deter-
mine the effects of material properties within the same 
subject, and exclude the effects of variables such as 
weight, height, bony geometry, ligament properties, 
and component size.10 Second, the articular cartilage 
was considered as an elastic material, and the effects of 
anisotropy and viscoelasticity were not considered. The 
instantaneous response of cartilage to a short-term gait 
load was evaluated in this study; therefore, cartilage can 
be modelled as an elastic material.16 Third, the simula-
tions were only performed under static load because the 
ideal dynamic joint motion was too prohibitive in terms 
of computational and time efficiency. In future studies, 
dynamic FE simulations examining imbalance loading 
between medial and lateral sides should be performed 
for complete gait-cycle loading and boundary condi-
tions, to better predict the biomechanics of the knee 
joint, with a possible extension to also study the biome-
chanical effects of focal knee arthroplasty size.

In conclusion, our results suggest that resurfacing with 
a focal knee arthroplasty does not threaten immediate 
deleterious effects on the opposite surfaces based on the 
contact pressure, as evaluated through the computa-
tional simulation of the deep model. Our results showed 
that significant surgical imprecision and protruding 
implants can lead to severe cartilage damage and delay 
bone union. Further investigation of metallic implants is 
required, due to the need for the utmost precision when 
it comes to positioning. Moreover, the long-term in vivo 
effects must be evaluated.

Fig. 6

Comparison of the average stress on the bone for focal knee models under different insertion positions.
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