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Abstract 

Background: Revision total knee arthroplasty (RTKA) is a highly 

complex procedure challenged by bone defects and compromised 

biomechanical stability, which may threaten implant fixation and 

long-term survivorship. This study aimed to introduce a novel 

cementless RTKA system and evaluate the resulting femoral initial 

stability. 

Method: A novel cementless femoral RTKA system based on 

metaphyseal and biological fixation, comprising a femoral condyle 

component, metaphyseal cone, and optional intramedullary stems 

and metal augments, was evaluated using finite element analysis. 

The initial stability of the system was assessed in a CT-based femoral 

model under conditions with or without bone defects, at different 

defect locations, and with or without the use of intramedullary stems 

and metal augments.

Results: Finite element analysis demonstrated that, regardless of 

the presence of femoral bone defects, the system exhibited favorable 

interface micromotion and femoral stress distribution, indicating 

acceptable initial femoral stability. Intramedullary stems reduced 

micromotion but decreased the proportion of stress within the 
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reference range, whereas metal augments produced only limited 

numerical improvement without being essential for initial stability.

Conclusion: Within the investigated finite element model, the novel 

cementless RTKA system achieved acceptable initial femoral 

mechanical stability, even in the presence of femoral bone defects. 

Adequate initial stability could be obtained through metaphyseal 

fixation alone, while the additional use of intramedullary stems or 

metal augments provided limited incremental benefit.

Keywords: Revision total knee arthroplasty; Cementless fixation; 

Metaphyseal fixation; Finite element analysis
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Background

With the increasing application of primary total knee arthroplasties 

(TKAs) worldwide, the number of revision surgeries performed 

owing to TKA failure have increased significantly [1]. More than 

200,000 revision total knee arthroplasties (RTKAs) are estimated to 

be performed annually in the US by 2030 [2], which will place a 

heavy burden on both patients and the healthcare system.

Bone defects - which are associated with aseptic loosening, infection, 

and improper removal of prostheses [1,3] - present a significant 

challenge in RTKA that cannot be ignored. Severe bone defects may 

affect the stability of the prosthesis and increase the complexity of 

RTKA [4,5]; thus, the management of bone defects is crucial in RTKA. 

To repair bone defects and reconstruct stability in RTKA, several 

techniques, including cementation, metal augmentation, 

intramedullary stem, bone grafting, and metaphyseal cones or 

sleeves, have been adopted depending on the location and severity 

of bone defects [5–7]. 

The Anderson Orthopedic Research Institute (AORI) classification is 

commonly used to report bone defects of varying severities and 

locations [4]. In AORI type II or III bone defects, the epiphyseal and 

metaphyseal bones are affected, presenting significant complexity in 

bone repair. Fixation of the epiphyseal zone alone may be 
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insufficient in the presence of severe bone defects and may lead to 

mechanical failure. Therefore, the use of metaphyseal fixation, 

where the bone is well-vascularized, conducive to osseointegration, 

and usually not completely damaged, has gained increasing 

attention [8]. Metaphyseal fixations, such as those using 

metaphyseal cones or sleeves, are designed to improve construct 

stability during the treatment of severe bone defects in RTKA [1,8]. 

Additionally, with the development of 3D printing, cones or sleeves 

with 3D printed porous surfaces could further improve bone 

ingrowth and long-term stability, making it possible to use a fully 

cementless prosthesis [9,10]. 

Despite these advances, the fixation strategy of current RTKA 

systems remains predominantly cemented or hybrid, whereas fully 

cementless revision constructs are rarely used in routine practice. 

Cemented fixation can provide reliable immediate stability; however, 

it is highly dependent on the integrity of the cement-bone interface 

and is associated with potential drawbacks, including cement fatigue, 

wear particles, and thermal injury [11,12]. These limitations may 

compromise long-term implant survivorship. In contrast, biologic 

fixation based on osseointegration has the potential to achieve 

durable long-term stability without the inherent disadvantages of 

bone cement [13]. Therefore, there is a clinical need for a novel 
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RTKA system that integrates the mechanical advantages of 

metaphyseal fixation with the concept of fully cementless biologic 

fixation. Based on this rationale, we designed a new cementless 

RTKA system featuring 3D-printed porous metaphyseal cones and 

other modular components, aiming to enhance initial stability, 

promote bone ingrowth, and ultimately improve long-term outcomes.

Research Objective: This study aimed to verify the initial stability 

of the femoral components in this novel cementless RTKA system, 

determine the contribution of an intramedullary stem and metal 

augment at different locations of bone defects, and offer insights for 

their clinical application.

Materials and methods

Finite element model of femur

A 3D computer-aided design (CAD) model of the right femur was 

obtained using computed tomography (CT) data from a 66-year-old 

woman diagnosed with knee osteoarthritis. The slice thickness on 

the CT scan was 0.6 mm. 

Femoral design of cementless RTKA system

The novel femoral cementless RTKA system includes a femoral 

condylar component, a femoral metaphyseal cone, and an optional 

intramedullary stem and metal augment. Based on the concept of 

metaphyseal fixation, the outer contour of the femoral metaphyseal 
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cone was designed according to the inner contour of the femur, 

particularly in the metaphyseal zone, where a press fit could be 

achieved for solid fixation. The femoral metaphyseal cone was 

distally locked to the femoral condyle prosthesis with an adaptor, 

whereas it was proximally combined with an optional intramedullary 

stem through a threaded connection (Figure 1). In addition, the 

interface between the prosthesis and the bone features a 3D-printed 

trabecular structure that promotes bone tissue ingrowth and 

integration. 

Femur-prosthesis assembly

The femoral components, tibial insert, and femur models were 

subjected to simulated bone resection and femur-prosthesis 

assembly. To simulate the axial loading on the mid-femur, the femur 

was cut along the middle section while preserving the distal portion. 

Femoral sectioning and surgical positioning of the prosthesis were 

performed by experienced orthopedic surgeons based on different 

bone defect locations and the presence of stems and augments. 

(Figure 2)

Definition of bone defect

The femoral bone defect in this study was defined as 15 mm in the 

distal femur and 10 mm in the posterior femur. These values 

correspond to structural defects commonly encountered in RTKA 
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that typically require augmentation or metaphyseal fixation. 

According to the AORI classification, such defect depth may 

correspond to type IIa or type IIb defects. The simulated patterns 

(medial, lateral, and combined medial-lateral bone loss) were 

designed to mimic common revision scenarios such as posteromedial 

deficiency, large single-condyle loss, and symmetric bicondylar loss, 

thereby enhancing the clinical relevance of the finite element models.

Configuration setup

First, two finite element models were created based on the presence 

of stems and the absence of bone defects (configuration 1 and 2). 

Second, another 12 finite element models were created based on 

three different bone defect locations (medial, lateral, and medial-

lateral), the presence of stems, augments and femoral bone defects 

(configuration 3-14). 

The details of the configurations are presented in table 1. D0/15 

indicates a distal femoral bone defect with a depth of 0 or 15 mm, 

and P0/10 indicates a posterior femoral bone defect with a depth of 

0 or 10 mm. M, L, and ML denote medial, lateral, and combined 

medial-lateral defect locations, respectively. A1/A0 indicate the 

presence or absence of a metal augment, and S1/S0 indicate the 

presence or absence of an intramedullary stem.

Table 1. Configuration setup
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Configuration Bone defect 

of the

distal femur 

(mm)

Bone defect of 

the

posterior 

femur (mm)

Locati

on

Augme

nt

Ste

m

1 D0-P0-S1 0 0 - - +

2 D0-P0-S0 0 0 - - -

3 D15-P10-A1-S1-M 15 10 medial + +

4 D15-P10-A1-S1-L 15 10 lateral + +

5 D15-P10–A0-S1-

M

15 10 medial - +

6 D15-P10–A0-S1-L 15 10 lateral - +

7 D15-P10-A1-S0-M 15 10 medial + -

8 D15-P10–A1-S0-L 15 10 lateral + -

9 D15-P10–A0-S0-

M

15 10 medial - -

10 D15-P10–A0-S0-L 15 10 lateral - -

11 D15-P10-A1-S1-

ML

15 10 medial-

lateral

+ +

12 D15-P10-A0-S1-

ML

15 10 medial-

lateral

- +

13 D15-P10-A1-S0- 15 10 medial- + -
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Mesh Generation, material characteristics, and boundary 

conditions 

Finite element analysis was conducted using the ABAQUS software 

(Dassault Systèmes, France; version 2021; 

https://www.3ds.com/products/simulia/abaqus/). The resected femur 

and prosthesis solid model were imported into HYPERMESH 20.0 

(Altair ， USA) for finite element mesh generation of the femur-

prosthesis assembly. A mesh sensitivity analysis was conducted to 

determine the optimal element size, and the results were exported 

as “.inp” files. The femur consisted of trabecular and cortical bones. 

The outer surface of the femur was offset inward by 2.5 mm to divide 

it in two parts. The characteristics of these materials are listed in 

Table 2.

Table 2. Characteristic of materials

ML lateral

14 D15-P10-B0-S0-

ML

15 10 medial-

lateral

- -

Component Material
Modulus of 

Elasticity (MPa)

Poisson's 

ratio

Femoral condyle component CoCrMo 210000 0.3
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Surface-to-surface contact pairs were established between the 

femur and implant components using a penalty contact formulation. 

All contact parameters and friction coefficients were adopted from 

previously published finite element and biomechanical studies to 

ensure physiologically reasonable model settings. A friction 

coefficient of 0.4 was assigned for the general implant-bone 

interfaces, while the articulation between the femoral component 

and the tibial insert was modeled with a coefficient of 0.04, as 

commonly adopted in knee arthroplasty finite element models [14]. 

The interfaces between the porous cone mesh layer-femur and the 

metal augment-femur were defined as frictional contacts with a 

Femoral metaphyseal cone Ti6Al4V 110000 0.3

Mesh layer of the femoral 

condyle component
CoCrMo 210000 0.3

Mesh layer of the femoral 

metaphyseal cone
porous Ti6Al4V 2400 0.3

Intramedullary stem Ti6Al4V 110000 0.3

Metal augment porous Ti6Al4V 2400 0.3

Tibial insert UHMWPE 1016 0.46

Cortical bone - 11000 0.3

Trabecular bone - 400 0.3
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relatively high coefficient (μ = 1.0) [15], consistent with literature 

reporting high-friction behavior for porous metal structures in 

contact with bone. 

Detailed information regarding contact between each pair is 

presented in Table 3. The porous layer on the femoral condylar 

component is extremely thin relative to its solid geometry, and 

reliable material properties for porous CoCrMo are not well 

established in previous literatures, as a result, the mesh layer of 

femoral condylar component was approximated as a simplified solid 

layer rather than explicitly modeling individual pores.

Table 3. Information regarding contact between components

Interface Contact
Friction 

coefficient

Femoral condyle component – femoral 

metaphyseal cone

bonded contact -

Femoral condyle component - femoral condyle 

mesh layer

bonded contact -

Femoral metaphyseal cone - femoral cone 

mesh layer

bonded contact -

Metal augment - femoral condyle mesh layer bonded contact -

Intramedullary stem- femoral metaphyseal bonded contact -
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Load application

An axial load of 2030 N is applied to the mid-femur. The femoral 

prosthesis was in contact with the underlying tibial insert, and the 

load distribution was set to 60% on the medial condyle and 40% on 

the lateral condyle. A rotational force of 7 Nm was applied from the 

medial to the lateral side through the tibial insert to the femoral 

prosthesis. The proximal cut surface of the mid-femur was fully 

constrained in all degrees of freedom to prevent rigid body motion. 

These applied loads are representative of a normal physiological 

loading condition during walking at the stance phase before toe-off, 

cone

Femoral metaphyseal cone mesh layer - femur frictional 

contact

1.0

Femoral condyle component mesh layer - 

femur

frictional 

contact

0.4

Metal augment - femur frictional 

contact

1.0

Intramedullary stem - femur frictional 

contact

0.4

Femoral condyle component - tibial insert frictional 

contact

0.04
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and similar boundary conditions have been validated in previous 

finite element and biomechanical studies [16].

Mesh sensitivity analysis

The femur and prosthesis models were meshed in HYPERMESH, and 

the appropriate mesh size was determined based on the results of 

the mesh sensitivity analysis. Herein, element sizes of 2 mm, 1.5 mm, 

and 1 mm were selected for the sensitivity analysis. The criteria for 

mesh convergence were the maximum von Mises stress and 

maximum micromotion at the interface.

The numbers of elements for the femur and femoral stem at different 

mesh sizes are listed in Table 4. The results indicated that when the 

mesh size was reduced from 1.5 mm to 1 mm, the change in the 

maximum von Mises stress and maximum micromotion was less than 

5%, demonstrating that the mesh sensitivity results converged.

Table 4. Mesh sensitivity analysis.

Size 

(mm

)

Cortica

l

Trabecul

ar

Metaphyse

al cone

Porous 

layer of 

the 

metaphy

seal 

cone

Implan

t
Stem Insert

Max 

von 

Mises 

(MPa)

Maxim

um 

Micro

motion 

(μm)

Erro

r 

(%)

1.0 24410 621927 107587 30969 27292 3273 1651 124.19 20.02 -
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0 0 7 12

1.5 77411 310243 31851 14573 74069
1060

5

5098

1
122.80 19.27 3.75

2.0 31183 232096 15777 8487 34165
4961

3

2205

2
132.07 17.30

10.2

2

Finite element model validation

The predicted maximum von Mises stress in the femur was 36.81 

MPa, which is comparable in magnitude to values reported in 

previous finite element studies of distal femoral reconstruction 

[17,18]. In addition, the stress was mainly distributed in the medial 

cortical bone, consistent with the physiological load transfer 

characteristics of the femur. Furthermore, the contact stress on the 

tibial insert was also analyzed. The predicted maximum contact 

stress was 59.57 MPa, which is similar in magnitude to values 

reported in previous finite element studies [19,20]. These findings 

indicate that the model provides a reasonable representation of the 

mechanical behavior of the femoral RTKA system.

Assessment parameters and interpretation criteria

The assessment parameters of this study were the interface 

micromotion between bone and implant and the von Mises 

equivalent stress of the femur. Maximum micromotion at the bone-
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implant interface was compared with the commonly cited safety 

upper limit of 150 μm [16,21]. Micromotions below this limit are 

generally regarded as indicative of acceptable initial mechanical 

stability, whereas values exceeding this level may imply a potential 

risk of mechanical loosening. For stress evaluation, this study 

focused primarily on the proportion of cancellous bone elements 

within the reference stress interval of 0.1-2.8 MPa [22]. According 

to previous reports, stresses <0.1 MPa may be related to insufficient 

mechanical stimulation and possible stress shielding, while 

stresses >2.8 MPa may indicate potential localized overload [22]. 

Calculating the percentage of bone volume within this interval 

provides a global assessment of load transfer characteristics and the 

mechanical environment of cancellous bone.

Results

Femoral initial stability and effects of intramedullary stems 

without bone defects

Interface micromotion

In the absence of additional femoral bone defects, comparison of the 

two models (D0S1: intact femur, with stem; D0S0: intact femur, 

without stem) demonstrated that the intramedullary stem markedly 

reduced micromotion at the cone-bone interface from 49.71 μm to 

7.81 μm (table 5), representing a numerical improvement. 
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Importantly, however, micromotions in both the stemmed and 

stemless configurations remained well below the commonly 

accepted safety upper limit of 150 μm, indicating acceptable initial 

mechanical stability even without stem fixation. In contrast, the stem 

had little influence on micromotion at the interface between the 

distal femoral condylar component and the femur (figure 3).

von Mises equivalent stress

In case of a femur without additional bone defects, the stress 

distribution diagram showed that the maximum von Mises 

equivalent stress in the femur with the stem was similar to that in 

the femur without the stem. The proportion of von Mises equivalent 

stresses in the reference range of the cancellous bone (0.1-2.8 MPa) 

were 85.44% and 76.71% in the stemless and stem configurations, 

respectively (figure 3, table 5).

table 5. Analysis of micromotion and von Mises stress in different 

configurations

No bone 

defect
Medial bone defect

Medial-lateral bone 

defect
Lateral bone defect

Configuration Stem
Steml

ess
Stem Stemless Stem Stemless Stem Stemless

Maximum micromotion 7.81 49.71 10.27 55.29 9.87 54.89 8.20 48.79
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(μm)

Maximum von Mises 

stress （MPa）
36.81 36.89 66.46 71.86 39.44 43.83 37.96 38.30

Proportion within the 

reference von Mises 

stress range

76.71

%

85.44

%
74.61% 82.67% 89.09% 94.16% 88.73% 93.64%

Configuration - -
Augme

nt

No 

augment
Augment

No 

augment

Augme

nt

No 

augment

Maximum micromotion 

(μm)
- - 46.05 55.29 51.67 54.89 49.83 48.79

Maximum von Mises 

stress （MPa）
- - 44.87 71.86 39.93 43.83 38.31 38.30

Proportion within the 

reference von Mises 

stress range

- - 84.03% 82.67% 93.62% 94.16% 93.58% 93.64%

Effects of intramedullary stem on initial stability with bone 

defects

Interface micromotion

The corresponding finite element models included three defect 

locations (medial, lateral, and combined medial-lateral defects), with 

and without stem implantation, resulting in six configurations in 
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total (D15-P10-A0-S0-ML vs. D15-P10-A0-S1-ML; D15-P10-A0-S0-M 

vs. D15-P10-A0-S1-M; D15-P10-A0-S0-L vs. D15-P10-A0-S1-L).

When the femur exhibited bone defect (15 mm in distal femur and 

10 mm in posterior femur) in three different locations, the presence 

of the stem numerically reduced the maximum micromotion at the 

interface between the mesh layer of the femoral metaphyseal cone 

and the femur (from 54.89 μm to 9.87 μm for medial-lateral bone 

defects; from 55.29 μm to 10.27 μm in medial bone defects; and from 

48.79 μm to 8.20 μm in lateral bone defects). The maximum 

micromotions were ranked according to the location of the bone 

defect from the highest to the lowest as follows: medial > medial-

lateral > lateral (figure 4, table 5).

von Mises equivalent stress

In all three bone-defect scenarios, the maximum equivalent stress of 

the femur without a stem was slightly higher than that in the 

stemmed configuration. The maximum equivalent stresses were 

ranked according to the location of the bone defect from the highest 

to lowest as follows: medial > medial-lateral > lateral. However, the 

proportion of stress falling within the reference range of 0.1-2.8 MPa 

in all the three areas of bone defects was consistently greater in the 

absence of stems. (Figure 4 and Table 5)

Effects of metal augments on the initial stability with bone 
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defects

Interface micromotion

The corresponding finite element models included three defect 

locations (medial, lateral, and combined medial-lateral defects), with 

and without augment, comprising six configurations (D15-P10-A0-

S0-ML vs. D15-P10-A1-S0-ML; D15-P10-A0-S0-M vs. D15-P10-A1-S0-

M; D15-P10-A0-S0-L vs. D15-P10-A1-S0-L).

When the femur exhibited additional bone defects (15 mm in distal 

femur or 10 mm in posterior femur), the presence of augments 

resulted in a mild reduction in the maximum micromotion at the 

interface between the mesh layer of the metaphyseal cone and the 

femur in cases of medial bone defects (from 55.29 μm to 46.05 μm). 

However, for medial-lateral and lateral bone defects, augments had 

minimal impact on the maximum micromotion. (Figure 5)

von Mises equivalent stress

When the femur exhibited additional bone defects in the medial 

condyle, the stress distribution showed that the femur without 

augments had a numerically higher maximum von Mises equivalent 

stress. For medial-lateral and lateral bone defects, the stresses were 

similar regardless of the presence of augments. The maximum stress 

was ranked according to the location of the bone defect from highest 

to lowest as follows: medial > medial-lateral > lateral. In addition, 
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under different bone-defect locations, the use of augments showed 

little effect on the proportion of femoral equivalent stress within the 

reference range. (Figure 5 and Table 5).

Discussion

The management of bone defects and prosthetic initial stability are 

crucial determinants of postoperative outcomes in RTKA patients. 

These demands place higher requirements on the design and fixation 

strategy of revision prostheses. A finite element analysis based on 

the novel cementless RTKA system was conducted to evaluate its 

femoral initial stability. Within the investigated finite element 

models and loading conditions, acceptable initial femoral stability 

was observed across the examined configurations, both with and 

without femoral bone defect, and regardless of the use of an 

intramedullary stem or metal augment.

Cementless and metaphyseal fixation in the novel RTKA 

system

In this novel RTKA system, a fully cementless femoral fixation 

concept was adopted, in which all major components including the 

femoral condyle, metaphyseal cone, stem, and augment are designed 

for cementless fixation rather than relying on hybrid cemented 

fixation.

Another key feature of this system is the integration of metaphyseal 
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fixation philosophy into the femoral design. The metaphysis is 

considered a crucial zone in RTKA fixation, as the bone in this region 

is often relatively preserved and suitable for biological ingrowth 

[23,24]. The femoral metaphyseal cone in this system serves as the 

primary load-bearing structure, aiming to provide reliable initial 

mechanical stability while establishing a favorable environment for 

long-term biological fixation.

In RTKA, 3D-printed cones or sleeves are reported as a novel and 

effective technique for managing bone defects in previous literatures 

[25–27]. The present system, however, is not limited to a single cone 

component, but represents a comprehensive modular platform in 

which the femoral condyle component, metaphyseal cone, stem, and 

augment are designed to function as an integrated construct with 

dedicated instrumentation. Within this system, the cone serves not 

only to reconstruct metaphyseal bone defects, but also to act as the 

primary metaphyseal fixation element, providing initial stability and 

a foundation for biological ingrowth.

Femoral initial stability of the RTKA system without bone 

defects

Initial stability is crucial for the survival of revision prostheses and 

clinical outcomes, especially in cases of large bone defects. Previous 

studies based on finite element analyses and biomechanical testing 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



have demonstrated the beneficial effects of metaphyseal fixation in 

providing reliable initial stability for revision implants [16,28,29]. 

In the present study, we further evaluated this concept within the 

current femoral RTKA system, focusing on its ability to achieve 

adequate stability under various configurations. Across all 

configurations analyzed in this study, the maximum interface 

micromotions remained below 150 μm, and the majority of femoral 

bone stresses were distributed within the reported reference range. 

Based on the present finite element findings, these results indicate 

that this novel femoral RTKA system is capable of providing 

favorable initial stability, supporting the feasibility of the proposed 

cementless metaphyseal fixation concept.

Clinical relevance of the simulated defect model

The bone defects modeled in this study represent femoral 

deficiencies that directly challenge implant fixation in RTKA rather 

than minor contained defects. Loss of distal and posterior condylar 

support alters the load-sharing pattern between the femoral 

component and host bone, making the construct more dependent on 

metaphyseal fixation. Evaluating such bone defects is therefore 

essential to understand whether a cone-based cementless system 

can provide reliable initial stability under compromised conditions.

In our clinical experience, we frequently encountered residual bone 
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defects after standard preparation and trial implantation. These 

situations commonly raise two practical questions: whether the 

asymmetry of the bone defect necessitates an intramedullary stem 

to enhance overall stability and load transfer, and whether the 

remaining bone defect should be filled with additional metal 

augments. The present finite element analysis was interpreted in this 

context, and the application of intramedullary stems and metal 

augments under bone defect conditions was further analyzed and 

discussed.

The effects of intramedullary stem in bone defects

Intramedullary stems have been widely used in RTKA, as they are 

designed to transfer and redistribute loads from compromised 

metaphyseal bone to the relatively intact diaphysis, thereby 

contributing to load sharing, optimization of stress transfer, and 

enhancement of overall fixation stability [30]. However, the use of 

intramedullary stems may also be associated with potential 

drawbacks, including additional stem tip pain, intra-operative 

periprosthetic fractures and stress shielding effects [31–33]. In 

addition, effective metaphyseal fixation alone may partially 

contribute to stress transfer and load distribution, thereby reducing 

the dependence on diaphyseal stem fixation in certain 

configurations[34]. Fonseca et al.[16] demonstrated that when 
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metaphyseal sleeve fixation is used, satisfactory initial stability can 

be achieved without a diaphyseal stem, and the additional use of a 

stem is not mandatory from a biomechanical perspective.

In the present study, although the application of stem markedly 

reduced the maximum micromotion of bone-implant interface, the 

stemless configuration already satisfied the safety criterion. 

However, the proportion of femoral bone stress within the reference 

range of 0.1-2.8 MPa was lower in the stemmed configurations. 

Specifically, the use of an intramedullary stem was associated with 

an increased proportion of low-stress regions (<0.1 MPa) in the 

femur, increasing from 14.50% to 22.42% in the absence of bone 

defects, from 17.20% to 24.88% in medial defects, from 5.63% to 

10.25% in combined medial-lateral defects, and from 6.27% to 10.83% 

in lateral defects. The increase in low-stress regions is likely 

attributable to the load transfer and redistribution effect of the 

intramedullary stem. Excessively low stress levels (<0.1 MPa) may 

reduce local mechanical stimulation of the femoral bone and are 

associated with potential stress shielding and bone resorption risks, 

which could adversely affect long-term fixation [35].

Therefore, based on the present finite element findings, the 

additional biomechanical benefit of routine intramedullary stem use 

in this cementless revision system appears limited, and further 
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experimental and clinical validation is warranted.

The effects of metal augments in bone defects

Metal augment is an important option for managing femoral bone 

defects in RTKA, offering advantages such as modularity and 

surgical flexibility[36]. In the present revision system, cementless 

3D-printed porous augments were used, which are designed to 

restore bone defects while also facilitating bone ingrowth. Innocenti 

et al.[37] also reported through finite element analysis that the use 

of augments, regardless of type, alters femoral bone stress 

distribution, particularly in regions adjacent to the bone cut.

The finite element analysis demonstrated that, under different 

femoral bone defect locations, maximum interface micromotions 

remained within the accepted safety threshold regardless of 

augment use, and approximately 80-90% of femoral bone stresses 

were distributed within the reported reference range, showing 

satisfactory safety and stability.

Notably, when the bone defect was located at the medial condyle, 

the use of metal augment was associated with a more pronounced 

reduction in maximum interface micromotion and maximum femoral 

stress compared with other defect configurations. More importantly, 

in contrast to the effect observed with intramedullary stems, the use 

of metal augmentation increased the proportion of femoral bone 
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stress within the reference range. Specifically, the proportion of low-

stress regions (<0.1 MPa) decreased from 17.20% to 15.88% with 

augment application, suggesting a reduced risk of stress shielding-

related bone resorption. This effect is likely attributable to the 

increased bone-implant contact area provided by the metal augment 

and the redistribution of load toward the cancellous bone. 

However, when bone defects were located at the lateral condyle or 

involved both condyles, metal augments did not show similar 

differences. This observation may be related to the asymmetric load 

distribution between the medial and lateral compartments of the 

knee, with the medial condyle generally subjected to higher 

physiological loading.

This study indicated that metal augments altered interface 

micromotion and stress distribution mainly in medial condylar 

defects, while their influence was overall limited. Across all 

configurations, acceptable micromotion levels and femoral stress 

distributions were achieved even without augments, suggesting that 

augments modify the local mechanical environment rather than 

being essential for initial femoral stability in this cementless RTKA 

system. Further experimental and clinical studies are also needed to 

clarify their role in different defect scenarios.

Limitations
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This study has several limitations. First, only several predefined 

defect configurations with fixed geometry and depth were evaluated. 

More complex and irregular defect morphologies, particularly 

severe AORI type III defects, were not investigated and may exhibit 

different biomechanical behavior under the same reconstruction 

strategy.

Second, the analyses relied solely on finite element modeling without 

direct experimental biomechanical validation, and focused 

exclusively on initial mechanical stability. Bone remodeling, 

osseointegration processes, and long-term fatigue behavior of the 

implant-bone system were not considered; therefore, the conclusions 

should be interpreted with caution.

Third, the simulations were performed under simplified modeling 

assumptions and boundary conditions. The model was based on a 

single femoral geometry with homogeneous material properties, and 

did not include ligament forces, patellofemoral contact, or full 

dynamic gait loading. These simplifications may not fully represent 

the in vivo mechanical environment and may influence micromotion 

and stress distribution, thereby limiting generalizability.

Conclusions

In summary, this novel cementless RTKA system exhibited 

satisfactory femoral initial stability in the present finite element 
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model. Acceptable initial stability may be achieved without routine 

use of an intramedullary stem or metal augment in this system. 

However, given the model-specific assumptions and the focused 

scope of the present analysis, further experimental and clinical 

studies are required to validate these observations before drawing 

conclusions for broader surgical practice.
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Figure legends

Figure 1. The design of the cementless RTKA system (A: the femoral 

RTKA system; B: the femoral metaphyseal cone)

Figure 2. The assembly of the femur-prosthesis.

Figure 3. Effects of an intramedullary stem on the initial stability in 

the absence of bone defects.

1. Micromotions between the porous layer of the femoral 

metaphyseal cone and the femur (a-stemless; b-stem).

2. Micromotions between the distal femoral condylar component and 

the femur (a-stemless; b-stem)

3. von Mises equivalent stress of the femur (a-stemless; b-stem)

Figure 4. Effects of intramedullary stem on initial stability in the 

presence of severe bone defects.

1. Micromotions in case of medial-lateral bone defects (a-stemless; 

b-stem)

2. Micromotions in case of medial bone defects (a-stemless; b-stem)

3. Micromotions in case of lateral bone defects (a-stemless; b-stem)
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4. von Mises equivalent stress of the femur in case of medial-lateral 

bone defects (a-stemless; b-stem)

5. von Mises equivalent stress of the femur in case of medial bone 

defects (a-stemless; b-stem)

6. von Mises equivalent stress of the femur in case of lateral bone 

defects (a-stemless; b-stem)

Figure 5. Effects of augments on the initial stability in the presence 

of severe bone defects.

1. Micromotions between the porous layer of the femoral 

metaphyseal cone and the femur in case of medial-lateral bone 

defects (a-no augment; b-augment)

2. Micromotions between the porous layer of the femoral 

metaphyseal cone and the femur in case of medial bone defects (a-

no augment; b-augment)

3. Micromotions between the porous layer of the femoral 

metaphyseal cone and the femur in case of lateral bone defects (a-

no augment; b-augment)

4. von Mises equivalent stress of the femur in case of medial-lateral 

bone defects (a-no augment; b-augment)

5. von Mises equivalent stress of the femur in medial bone defect (a-

no augment; b-augment)

6. von Mises equivalent stress of the femur in lateral bone defect (a-
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no augment; b-augment)
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Figure 1. The design of the cementless RTKA system (A: the femoral RTKA 

system; B: the femoral metaphyseal cone)
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Figure 2. The assembly of the femur-prosthesis.
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Figure 3. Effects of an intramedullary stem on the initial stability in the 

absence of bone defects.
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1. Micromotions between the porous layer of the femoral metaphyseal 

cone and the femur (a-stemless; b-stem).

2. Micromotions between the distal femoral condylar component and the 

femur (a-stemless; b-stem)

3. von Mises equivalent stress of the femur (a-stemless; b-stem)
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Figure 4. Effects of intramedullary stem on initial stability in the presence 

of severe bone defects.

1. Micromotions in case of medial-lateral bone defects (a-stemless; b-

stem)

2. Micromotions in case of medial bone defects (a-stemless; b-stem)

3. Micromotions in case of lateral bone defects (a-stemless; b-stem)

4. von Mises equivalent stress of the femur in case of medial-lateral bone 

defects (a-stemless; b-stem)

5. von Mises equivalent stress of the femur in case of medial bone defects 

(a-stemless; b-stem)

6. von Mises equivalent stress of the femur in case of lateral bone defects 

(a-stemless; b-stem)
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Figure 5. Effects of augmentations on the initial stability in the presence of 

severe bone defects.

1. Micromotions between the porous layer of the femoral metaphyseal 

cone and the femur in case of medial-lateral bone defects (a-no augment; 

b-augment)

2. Micromotions between the porous layer of the femoral metaphyseal 

cone and the femur in case of medial bone defects (a-no augment; b-

augment)

3. Micromotions between the porous layer of the femoral metaphyseal 

cone and the femur in case of lateral bone defects (a-no augment; b-

augment)

4. von Mises equivalent stress of the femur in case of medial-lateral bone 

defects (a-no augment; b-augment)

5. von Mises equivalent stress of the femur in medial bone defect (a-no 

augment; b-augment)
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6. von Mises equivalent stress of the femur in lateral bone defect (a-no 

augment; b-augment)
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