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Abstract
Conventional cementless femoral condyles in artificial knee systems are commonly 
manufactured by casting followed by a surface treatment using plasma spraying or 
metallic sintering. However, both techniques suffer from weak coating-substrate 
interfaces that contribute to early loosening and higher revision rates. To overcome 
this limitation, we employed integrated 3D printing (I3P), an additive manufacturing 
strategy based on laser powder bed fusion, to fabricate monolithic cobalt-chromium-
molybdenum femoral condyles with trabecular-inspired porous architectures. 
Compared with cast-sintered counterparts, I3P substrates exhibited refined 
microstructures and superior mechanical performance after hot isostatic pressing, 
reaching a yield strength of 637.33 MPa, ultimate tensile strength of 1140.00 MPa, 
and elongation of 27.33%. The I3P femoral condyles also showed enhanced fatigue 
resistance, withstanding 10 million cycles under a 3000 N load, and demonstrated 
improved wear behavior against ultrahigh-molecular-weight polyethylene liners. 
Furthermore, the trabecular-inspired lattice achieved stronger integration with the 
substrate than sintered coatings, with tensile and shear strengths of 56.09 and 49.97 
MPa, respectively. Together, these findings establish I3P as a robust manufacturing 
strategy that integrates substrate and surface in a single step, enabling the production 
of durable, osteointegrative femoral condyles with significant potential to improve 
implant longevity and clinical outcomes in knee joint reconstruction.

Keywords: Additive manufacturing; Cementless femoral condyles;  
Cobalt-chromium-molybdenum alloys; Fatigue and wear resistance; Integrated 3D 
printing; Osteointegration; Total knee arthroplasty; Trabecular surface architecture

1. Introduction
Total knee arthroplasty (TKA) is one of the most effective surgical treatments for end-stage 
knee disorders, such as osteoarthritis, rheumatoid arthritis, and post-traumatic arthritis, 
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aiming to relieve pain, correct deformities, and restore 
joint function.1–3 The procedure involves the implantation 
of artificial joint components, primarily a femoral condyle 
implant that replaces the load-bearing surface of the distal 
femur. As TKAs are increasingly performed in younger and 
active patients with higher expectations for postoperative 
mobility, long-term prosthesis durability and stability have 
become crucial.4 The clinical success of cementless femoral 
condyle implants hinges on osseointegration, where host 
bone forms a strong biomechanical interface with the 
implant to ensure durable fixation and mechanical stability. 

To facilitate this, standardized femoral condyle 
implants are traditionally manufactured in a two-step 
process. First, cobalt-chromium-molybdenum (CoCrMo) 
alloy is cast to form the bulk geometry of the femoral 
condyle. The resulting surface is smooth and biologically 
inert, limiting osseointegration. Therefore, a secondary 
surface treatment is applied to create a trabecula-inspired 
porous structure that is conducive to osseointegration. The 
trabecular structure promotes bone in-growth that forms 
the strong biomechanical interface that ensures durable 
fixation.5,6 Modern surface modification treatments can 
be done by plasma-spraying coatings or, more commonly, 
sintering coatings.7,8 

Plasma-spraying is a widely used surface modification 
technique for cementless implants, in which metallic 
or bioactive ceramic particles, such as hydroxyapatite 
(HA), are propelled onto the implant surface to create 
the porous, textured coating. However, plasma-sprayed 
coatings rely primarily on mechanical interlocking rather 
than metallurgical bonding, which results in relatively low 
interfacial strength and increases the risk of delamination 
under cyclic loading. In addition, HA coatings, while 
bioactive, are susceptible to long-term degradation, 
which can further compromise mechanical stability 
over time.9–11 Examples of current commercial designs 
include cementless femoral condyles with a cast CoCrMo 
substrate and dual plasma-sprayed coatings of HA and 
pure titanium (Chunli Medical, China), as well as designs 
featuring a single-layer plasma-sprayed titanium coating 
(JUST Medical, China).

Sintering is a more common surface modification 
technique used to enhance osseointegration in cementless 
implants. Metallic beads or particles are bonded to the 
implant surface at high temperatures, promoting atomic 
diffusion between the coating and the substrate. This 
metallurgical bonding results in stronger and more stable 
interfaces compared to plasma-sprayed coatings. However, 
the high-temperature sintering process can lead to grain 
coarsening in the underlying metallic substrate, potentially 
reducing its mechanical properties. Additionally, sintering 
requires longer production cycles, limiting manufacturing 

efficiency.12,13 Commercial examples include femoral 
condyles with cast CoCrMo substrates and dual-layer 
surfaces composed of sintered CoCrMo beads combined 
with a HA solution-deposited coating (Triathlon 
Tritanium, Stryker, USA). Another design features a dual 
plasma-sprayed coating of pure titanium and calcium 
phosphate (e.motion, B. Braun, Germany).

The compromises of traditional manufacturing TKA 
implants stem from requiring two steps to manufacture 
a mechanically stable bulk geometry via casting with a 
biocompatible surface that promotes osseointegration 
via a subsequent surface treatment. In contrast, additive 
manufacturing techniques, such as 3D printing may 
pose a solution without these compromises. CoCrMo 
alloys produced by 3D printing are widely used in 
dental prosthetics, but their application in cementless 
knee implants remains limited. Laser powder bed fusion 
(LPBF) is among the most established technologies in 
metal additive manufacturing.14,15 The process begins 
with a computer-aided design CAD model which is then 
segmented into a sequence of thin two-dimensional layers. 
On the build platform, a recoater blade or roller spreads 
a fine layer of metal powder (typically 20–60 μm). A 
high-power fiber laser selectively scans the powder bed 
according to the sliced geometry, fully melting the particles 
to form dense metallurgical bonds. After each layer is 
consolidated, the platform lowers by one layer thickness, 
new powder is deposited, and the next layer is fused to the 
previous one. This cycle is repeated until the entire part 
is completed.16–18 Upon completion, the component is 
removed from the powder bed, excess powder and support 
structures are eliminated, and postprocessing such as heat 
treatment, wire cutting, or finishing may be performed. 
A unique advantage of LPBF is the ability to precisely 
control porosity, pore size, strut thickness, therefore 
allowing it to produce dense substrates as well as precise 
trabecula-inspired lattices.19–21

Consequently, LPBF can be adapted to replace the 
traditional two-step casting and surface treatment by 
manufacturing a stable bulk geometry and a porous 
trabecula-inspired surface layer in a single step known 
as integrated 3D printing (I3P). Unlike traditional LPBF, 
I3P simultaneously prints the CoCrMo substrate and 
trabecular lattice with the same process. I3P reduces 
manufacturing steps and achieves stronger bonding 
between the porous lattice and the metallic base when 
compared with traditional sintering or plasma spraying.22 
To date, I3P has been primarily applied in complex 
anatomical reconstructions and revision TKA procedures 
where patient-specific customization is essential.23 
However, with the maturation of additive manufacturing, 
standardized I3P manufactured cementless femoral 
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condyle implants are expected to achieve broader clinical 
adoption in primary TKA procedures.24–26

In this study, we employed I3P techniques to fabricate 
the design of a standardized commercially available femoral 
condyle implant (EVOLUTION, MicroPort Orthopedics, 
USA). Comparative analyses were performed against the 
conventionally manufactured implant that uses a sintered 
surface treatment. The evaluation focused on raw material 
characteristics, as well as the fatigue and wear performance 
of the implants. In addition, the tensile and shear tests were 
conducted specifically to quantify the interfacial bonding 
strength between the trabecular-inspired lattice layer and 
the CoCrMo substrate. These assessments collectively 
confirmed the advantages and feasibility of standardized 
I3P-fabricated cementless femoral condyles, offering a 
novel solution for future primary TKAs.

2. Materials and methods
To enable direct comparison with conventional 
commercially available implants, femoral condyles of 
identical geometric design were fabricated using I3P. 
Experimental evaluation was divided into two components: 
(i) the substrate material, representing the traditionally 
cast bulk CoCrMo alloy; and (ii) the surface material, 
representing the porous layer typically applied via plasma 
spraying or sintering in conventional manufacturing. 
This approach allowed for independent assessment of the 
intrinsic material properties and interfacial performance 
associated with each manufacturing strategy.

2.1. Materials
ASTM F75 compliant CoCr02 cobalt-chromium-
molybdenum alloy powder (AVIC Maite Additive 
Manufacturing Technology, Beijing, China) was used as 
the raw I3P material. The powder was produced using gas 
atomization via nonvacuum induction melting (Table 1). 

2.2. Sample preparation

2.2.1. Integrated 3D printing process
The specimens were produced using a BLT S310 LPBF 
system (Xi’an Bright Laser Technologies, China) with 30 μm 
layer thickness, 160 W laser power, a scanning speed of 800 
mm/s, and a laser spot size of 100 μm. During fabrication, 
the build chamber was purged with argon to maintain an 
oxygen concentration below 0.1%. The external geometry 
of the I3P-fabricated products was identical to that of a 
commercially available cast and sintered femoral condyle 
(EVOLUTION, MicroPort Orthopedics, USA). The 
trabecular-inspired porous structures were designed using 
Autodesk Within (Autodesk Inc., USA), with target pore 
size pf 0.75 mm, trabecular topology, and a 0.2 mm uniform 

strut thickness. The model was exported in STL format and 
subsequently sliced using BLT BP software (BLT, China), 
where parameters such as layer thickness, laser power, 
and scanning speed were defined and controlled. The total 
thickness of trabecular-inspired porous structures was 
700–1000 µm, which is similar to that of the traditionally 
manufactured counterparts. 

After I3P, the samples were separated from the build 
plate by wire electrical discharge machining. Postprocessing 
included hot isostatic pressing (HIP), carried out at 
1167°C and 135 MPa for 4 h in an argon atmosphere, 
followed by vacuum quenching (WuXi Falcon Advanced 
Materials Technology, China). This process mirrors the 
process-processing performed on commercially available 
traditionally manufactured implants. The HIP-treated 
products were then finish-machined for testing. The 
parameters adopted in this study represent a relatively 
optimized scheme based on comprehensive considerations. 
Specimen for tensile and trabecular interfacial bonding 
tests were prepared under the same design and processing 
conditions as the implant. For comparative purposes, 
additional tensile specimens were fabricated using the 
identical I3P parameters but without HIP treatment.

Table 1. Chemical composition and physical properties of 
CoCr02 cobalt-chromium-molybdenum alloy powder used as 
the raw material for manufacturing by integrated 3D printing 

Properties Results

Chemical 
composition

C 0.161%

N 0.12%

Si 0.63%

Mn 0.44%

Ni 0.24%

Fe 0.49%

Cr 27.10%

Mo 5.60%

B 0.004%

Co Balance

Physical properties

Particle size
D10: 17.01 µm
D50: 28.94 µm
D90: 48.51 µm

Apparent density 4.7 g/cm³

Tap density 5.4 g/cm³

Hall flowmeter 13.6 s/50g

Notes: The powder was produced by gas atomization through 
nonvacuum induction melting (AVIC Maite Additive Manufacturing 
Technology, Beijing, China). These baseline characteristics establish 
material compliance and quality for subsequent femoral condyle 
fabrication.
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2.2.2. Traditional casting-sintering
The cast and sintered cementless femoral condyles 
(EVOLUTION, MicroPort Orthopedics, USA) were 
directly obtained from commercial sources. According 
to the manufacturer, the implant is manufactured using 
a CoCrMo bead-sintering surface treatment. Following 
sintering, the components underwent the same HIP 
treatment as the I3P specimens. Specimens for tensile 
and trabecular interfacial bonding tests were prepared 
under identical design and processing parameters as the 
commercial implants.

2.3. Substrate material testing

2.3.1. Tensile testing
Tensile testing was conducted in accordance with ASTM 
E8/E8M using a SUNS UTM 5205X universal testing 
machine. The specimens had a total length of 92 mm, 
with a gauge diameter of 6 mm and a gauge length of 36 
mm, and were prepared in the form of cylindrical round 
bars. For each group, five specimens were tested from 
the cast substrate, the I3P substrate before HIP, and the 
I3P substrate after HIP. The tests were performed under 
displacement control at a crosshead separation rate of 
2.54 mm/min, and continued until specimen failure. The 
following mechanical properties were recorded: 0.2% 
offset yield strength (Rp0.2), ultimate tensile strength, 
and elongation at fracture. From the recorded data, means 
and sample standard deviations were computed. Statistical 
significance was evaluated using two-sample, two-tailed 
Student’s t-tests.

2.3.2. Microstructure evaluation
Microstructural observations were performed in 
accordance with ISO 643 using a NIKON LV150N 
upright metallographic microscope. The specimens were 
sectioned from the tensile bars. Electrical discharge 
machining was employed to cut sections both parallel 
and perpendicular to the build direction, which were then 
prepared for microstructural examination. The specimens 
were mounted using hot compression mounting, followed 
by sequential grinding with SiC abrasive papers ranging 
from 180# to 2000# grit, progressing from coarse to 
fine. Polishing was then carried out on a metallographic 
polishing machine until the surfaces were free of visible 
scratches, after which the samples were rinsed and air-
dried. To clearly reveal the grain boundaries, carbide 
phases, and matrix microstructure of the CoCrMo alloy, 
the polished surfaces were etched with a mixed acid 
solution consisting of 20 mL of 37% hydrochloric acid and 
1 mL of 30% hydrogen peroxide. In addition, a scanning 
electron microscope (Prisma E with Xflash Detector 
630M, Thermo Fisher Scientific, USA) was employed for 

further magnified analyses of the black spots observed in 
the microstructure

2.3.3. Wear testing
Femoral condyle accelerated wear testing was conducted in 
accordance with ISO 14243-3 using a Jointwear-K4301 knee 
wear simulator (Shanghai Aose Inspection Technology Co., 
Ltd, China). For each group (I3P and CS), three femoral 
condyles were tested. During testing, the femoral condyles 
were articulated with compatible commercially available 
tibial tray and tibial insert (MicroPort Orthopedics, USA). 
Prior to testing, all specimens were cleaned and dried 
according to the standard procedure. Calf serum was used 
as the lubricant during the wear simulation. Specimens 
were removed, weighed using an electronic balance, and 
the lubricant was replaced every 500,000 cycles before 
resuming the test. At each 500,000-cycle interval, for 
each group (I3P and CS), the mean and sample standard 
deviation of the measurements were calculated. The wear 
simulation was continued until either 5 million cycles 
were completed or surface failure occurred, whichever 
came first.

2.3.4. Fatigue testing
Fatigue testing was conducted in accordance with ASTM 
F3210 and carried out using an Instron fatigue testing 
machine (Instron Corporation, USA). Prior to testing, 
following ASTM F3161, finite element analysis (FEA) 
located the maximum principal-stress point within the 
condyle bisection-plane region. The embedding position 
was set 4.5 mm below this point, as shown in Figure 1. 
Embedded femoral condyle assemblies were then mounted 
on the testing machine for fatigue evaluation. The loading 
head of the tester was positioned on the highest point of 
the posterior femoral condyle. A sinusoidal cyclic load 
starting from 2300 N was applied with a load ratio of R = 
0.1 and a frequency of 15 Hz. A step-loading method was 
employed to test a series of femoral components. The test 
was terminated when either 10 million cycles were reached 
or specimen failure occurred. At each loading stage, three 
specimens per group (CS and I3P) were tested. For each 
group, the mean and sample standard deviation were 
computed, and results were plotted on a logarithmic scale. 
Error bars correspond to the logarithm of the mean plus or 
minus one standard deviation (i.e., log(mean ± SD)).

2.4. Methods for surface material testing

2.4.1. Porosity evaluation
The morphology of the trabecula-inspired lattice structures 
was characterized using an industrial CT scanner (Nikon 
XTH225) with a scanning resolution of 8 μm. During 
testing, the X-ray source voltage and current were adjusted 
to generate beams of appropriate energy to penetrate the 
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porous metallic specimens. The transmitted signals were 
collected by the detector, converted into digital data, and 
reconstructed into computed tomography (CT) images 
through computational projection algorithms.

Subsequently, image segmentation, 3D reconstruction, 
region growing, and quantitative statistical analysis 
using a Gaussian model were performed to determine 
morphological parameters, including porosity, pore size, 
and strut thickness of the tested structures.

2.4.2. Tensile testing
Tensile testing of the trabecula-inspired porous structures 
was conducted in accordance with ASTM F1147 using 
a SUNS UTM 5205X universal testing machine. Ten 
specimens were prepared each for the sintered substrate 
bars and the I3P substrate bars. Prior to testing, the porous 
surface of each specimen was bonded to a flat substrate 
of the same base material using an adhesive with a tensile 
strength of not less than 34.5 MPa.

Both the porous-coated substrate bars and the flat 
substrate bars had a cross-sectional area of 5.07 cm². 
During testing, the tensile load was applied perpendicular 
to the plane of the trabecula-inspired porous structures 
at a constant crosshead speed of 0.25 cm/min, and 
was continued until failure occurred at the bonded 
interface. Strength data for each group were summarized 
and analyzed using box-and-whisker plots. Statistical 
significance was evaluated using two-sample, two-tailed 
Student’s t-tests.

2.4.3. Shear testing
Shear testing of the trabecula-inspired porous structures 
was conducted in accordance with ASTM F1147 using 
a SUNS UTM 5205X universal testing machine. Ten 
specimens were prepared each for the CS substrate bars 
and the I3P substrate bars. Prior to testing, the porous 
surface of each specimen was bonded to a flat substrate 
of the same base material using an adhesive with a tensile 
strength of not less than 34.5 MPa.

Both the porous-coated substrate bars and the flat 
substrate bars had a cross-sectional area of 2.84 cm². During 
testing, the shear load was applied parallel to the plane 
of the trabecula-inspired porous structures at a constant 
crosshead speed of 0.25 cm/min, and loading continued 
until failure occurred at the bonded interface. Strength data 
for each group were summarized and analyzed using box-
and-whisker plots. Statistical significance was evaluated 
using two-sample, two-tailed Student’s t-tests.

3. Results
3.1. Substrate material
For a femoral condyle, the mechanical properties of the 
substrate material determine its resistance to failure during 
service and critically influence its overall performance. 
Tensile properties are the most representative indicators 
of comprehensive mechanical behavior and are strongly 
correlated with the underlying microstructure of the raw 
material. Thus, the tensile properties and microstructures 
of CoCrMo alloys from I3P (pre- and post-HIP) and 
conventionally cast femoral condyles were directly 
compared (Figure 2). 

Conventionally cast CoCrMo substrate tensile testing 
result in a yield strength of 523.33 ± 12.92 MPa, a tensile 
strength of 786.00 ± 41.67 MPa, and an elongation at 
fracture of 14.33 ± 0.24%. I3P-manufactured CoCrMo 
substrate yielded mixed material characteristics prior to 
HIP with a yield strength of 508.38 ± 9.88 MPa, an ultimate 
tensile strength of 922 ± 9.57 MPa, and an elongation 
at fracture of 8.83 ± 2.25%. However, I3P substrate 
characteristics were superior to casting following HIP with 
a yield strength of 637.33 ± 1.70 MPa, a tensile strength 
of 1140.00 ± 31.82 MPa, and an elongation at fracture of 
27.33 ± 4.99%. 

This phenomenon corresponds with microscopic 
findings (Figure 2). Prior to HIP, the I3P substrate 
contained numerous micropores (Figure 2F). Pores were 
less pronounced on the planes perpendicular to the 
laser direction than on those parallel to it, suggesting 
they may originate from incomplete interlayer fusion 
during the additive manufacturing process (Figure 2A 
and 2B). The presence of these micropores may result in 

Figure 1. Schematic for fatigue testing of cementless femoral condyles. 
Specimens were embedded in dental stone and mounted in an Instron 
fatigue testing machine with cyclic loading applied to the posterior 
condyle. This preparation enabled controlled evaluation of long-term 
mechanical performance under simulated gait conditions.
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tensile properties inferior to those of the HIP-treated cast 
substrate. After HIP, however, such defects were largely 
eliminated in both orientations (Figure 2C and 2D), and 
combined with the refined microstructure, led to the post-
HIP I3P substrate outperforming the cast substrate.

In summary, HIP not only improves the mechanical 
performance but also the structural stability of I3P 
materials, enabling I3P femoral condyles to exhibit 
superior properties compared with their conventionally 
cast counterparts.

3.2. Implant performance
During in vivo service, the implant is subject to long-term 
wear and cyclic fatigue stresses, which are a consequence of 

substrate material characteristics. Each gait cycle imposes 
frictional wear stress on the articulating surface and fatigue 
stresses on the entire femoral condyle. Wear and fatigue 
resistance are consequently two critical determinants of 
the prosthesis’s long-term functionality and revision rate. 

Wear resistance was quantified by measuring mass 
loss every 500,000 cycles, up to 5,000,000 cycles, during 
articulated wear testing of three samples each from the 
post-HIP I3P manufactured and cast substrates. The I3P-
manufactured femoral condyle demonstrated superior 
wear resistance with reduced change in mass (Figure 3) 
and superior hardness (31 Rockwell Hardness C scale 
(HRC) vs. 23 HRC). This advantage can be attributed to 

Figure 2. Microstructure and tensile properties of CoCrMo substrates manufactured by I3P and CS. (A,B) I3P substrate before HIP showing numerous 
micropores, more pronounced parallel to the laser direction (A) than perpendicular to it (B), which corresponded with reduced ductility (elongation: 
8.8 ± 2.3%). (C,D) I3P substrate after HIP showing substantial pore elimination in both orientations, resulting in markedly improved mechanical 
performance (yield strength: 637 ± 1.7 MPa; UTS: 1140 ± 31.8 MPa; elongation: 27.3 ± 5.0%). (E) CS substrate after HIP exhibiting coarser grains 
and lower overall strength (yield strength: 523 ± 12.9 MPa; UTS: 786 ± 41.7 MPa; elongation: 14.3 ± 0.2%) compared with I3P after HIP. *HIP-
treated I3P specimens demonstrated significantly superior properties compared with CS specimens, with two-sample Student’s t-test p-values of  
1.16 × 10−7, 8.67 × 10−7, and 8.19 × 10−4 for yield strength, tensile strength, and elongation, respectively. (F) Enlarged SEM micrograph highlighting residual 
micropores (black spots) prior to HIP. Abbreviations: HIP: Hot isostatic pressing; I3P: integrated 3D printing; SEM: Scanning electron microscopy; UTS: 
Ultimate tensile strength; CS: cast-sintered.
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the finer and more homogeneous grain structure of the I3P 
material, which provides higher hardness. 

Fatigue resistance was evaluated by applying increasing 
sinusoidal cyclic loads in a step-loading method starting 
from 2300 N until implant failure or until a maximum of 
10,000,000 cycles in seven groups of each manufacturing 
type. The I3P femoral condyle demonstrated superior 
fatigue resistance by surviving to the maximum load 
cycle up to 3000 N compared to 2900 N for the cast 
femoral condyle (Figure 4). Furthermore, the I3P femoral 
condyle maintained a trend of surviving a higher number 
of cycles for each subsequent increase in cyclic load  
(Figure 4). This superior performance can also be attributed 
to the homogeneity of the I3P substrate and its refined 
microstructural morphology, which enable more uniform 
distribution and transmission of applied stresses, thereby 
enhancing overall fatigue resistance.

The I3P femoral condyle demonstrated superior wear 
performance and fatigue resistance potentially due to finer 
and more homogeneous microstructure, an outcome that 
is consistent with the inherent material benefits of the I3P 
manufacturing approach.

3.3. Trabecular surface material
An essential feature of a cementless femoral condyle implant 
is its bone-contacting surface, which interfaces with host 
bone through a trabecula-inspired porous structure. The 
evaluation concerns two aspects: (i) connectivity and pore 
size distribution, which influence osteointegration, and 
(ii) bonding strength with the substrate, which influences 
durability and mechanical stability. In this comparison, 
the trabecular layer thickness of I3P products was 
controlled within the same range as sintered counterparts 
(700–1000 μm).

The connectivity and pore size of I3P-produced 
trabeculations was directly compared with that generated 
in a traditional sintering process through CT imaging. 
Connectivity was quantified by evaluating the lattice 
structure, I3P produced thinner struts (mean diameter 
190.7 ± 44.3 vs. 247.6 ± 27.2 µm) with higher porosity 
(67.6% vs. 40.5%) (Figure 5A and 5C), characteristics 
conducive to promote osteointegration. The pore 
characteristics themselves were also measured with 
I3P yielding a mean pore size of 317.2 ± 124.4 µm and 
sintering yielding a mean pore size of 141.6 ± 49.2 
µm (Figure 5B and 5D). Although the optimal pore 

Figure 3. Wear resistance of I3P and CS cementless CoCrMo femoral condyles. Wear testing was performed for three specimens per group, with mass 
measured every 500,000 cycles up to 5,000,000 cycles of articulated motion. I3P femoral condyles demonstrated reduced mass loss compared with cast 
counterparts, consistent with their higher hardness (31 vs. 23 HRC) and finer, more homogeneous microstructure. These characteristics enabled smoother 
polishing and less counterface wear, resulting in superior overall wear performance of the coupled system. Abbreviations: CS, Cast-sintered; I3P, Integrated 
3D printing.

https://doi.org/10.36922/IJB025380389


Integrated 3D Printing of Femoral Condyles

378Volume 12 Issue 1 (2026) doi: 10.36922/IJB025380389

International Journal of Bioprinting

size for bone ingrowth is generally considered to be 
within 100–500 μm,27 a broader pore size distribution is 
more favorable for accommodating different stages of  
osteointegration.28–31

Bond strength between the substrate and trabeculated 
surface layer was evaluated using a universal testing 
machine with 10 specimens each of I3P-produced and 
traditional sintered parts. I3P parts exhibited superior 
tensile strength (56.1 MPa) and shear strength (50.0 MPa) 
exceeding that of the sintered components (Figure 6), 
suggesting the superiority of producing the implant in a 
single step. Consequently, I3P provides a more durable and 
reliable bonding interface, establishing a level of structural 
stability that is difficult to achieve with conventional 
sintering techniques.

In summary, compared to conventional sintering, 
I3P yields a trabecular layer with higher porosity, more 
favorable pore size distribution, and stronger bonding to 
the substrate. These combined characteristics support more 
effective osteointegration while also providing superior 
mechanical stability, underscoring the advantages of I3P 
as a next-generation approach for cementless femoral 
condyle implants.

4. Discussion
As an emerging manufacturing technology, additive 
manufacturing provides remarkable advantages for 
fabrication of cementless femoral condyles. Yet most current 
implementations adopt a hybrid architecture in which a 
trabecular lattice is printed and then welded or brazed to 
a cast substrate (Longility, Abonisi Medical Technology). 
Compared with conventional sintered coating, 3D printing 
enables precise control of porosity, pore size, and 3D 
interconnectivity, thereby creating a microenvironment 
closer to human cancellous bone. However, the welded or 
brazed interface constitutes a mechanical weak link and a 
likely site for fatigue-crack initiation under the cyclic loads 
of daily walking and running, and the cast substrate is 
not readily patient-specific. In addition, a nonbiomimetic 
femoral condyle has been manufactured using additive 
manufacturing for complex clinical cases (Beijing 
Naton Medical Technology), but this approach does not 
fully exploit the advantages of 3D-printed trabecular 
architectures. 

In contrast, the I3P strategy investigated in this 
study leverages the distinctive strengths of additive 
manufacturing to realize a truly monolithic, biomimetic 
design. The critical difference is I3P produces the 

Figure 4. Fatigue performance of I3P and CS cementless CoCrMo femoral condyles. Seven specimens per group were tested using a step-loading protocol 
with sinusoidal cyclic loading (R = 0.1, 15 Hz), beginning at 2300 N and continuing until failure or 10 million cycles. I3P femoral condyles consistently 
survived more cycles at each load step and reached a maximum endurance of 3000 N, compared with 2900 N for cast counterparts. Superior performance is 
attributed to the finer grain structure and more homogeneous microstructure of I3P, which enable more uniform stress distribution and enhanced fatigue 
resistance. Abbreviations: CS, Cast-sintered; I3P, integrated 3D printing.
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trabecular and laminar structures in a single process. With 
I3P, the production workflow is unified and streamlined, 
eliminating uncertainties associated with multistep 
processes, such as sintering or plasma spraying, as well as 
the conventional additive manufacturing methods, which 
is particularly beneficial for industrial-scale production. 
I3P also offers unmatched controllability over product 
properties and allows patient-specific customization, a 
key advantage in the context of future clinical practice that 
increasingly emphasizes individualized implants.

4.1. Substrate characteristics
From a substrate perspective, I3P substrates exhibit refined 
and homogeneous grain structures that conventional 

casting cannot achieve. Although forging can partly 
compensate for the deficiencies of cast alloys, the 
brittleness of CoCrMo and irregular casting porosity make 
such improvements technically challenging and costly. 
I3P using LPBF may display anisotropy due to directional 
grain growth (Figure 2). However, this study showed 
that optimized processing, such as HIP, minimized such 
anisotropy, resulting in no pronounced texture in the grain 
structures (Figure 2). This translated to improved material 
characteristics such as yield strength and ultimate tensile 
strength that surpassed the corresponding conventional 
cast implants (Figure 2). This microstructural refinement 
was directly linked to superior mechanical properties. 

Figure 5. Trabecula-inspired lattice and pore characteristics of I3P and CS femoral condyles. (A) I3P lattice morphology with strut size distribution and 
Gaussian fitting. I3P struts were thinner (mean diameter: 190.7 ± 44.3 µm) and exhibited a broader size distribution, closely mimicking the heterogeneity 
of natural trabeculae. (B) I3P pore morphology with pore size distribution and Gaussian fitting. I3P generated larger pores (mean: 317.2 ± 124.4 µm) with 
a wider distribution, favorable for staged bone ingrowth. (C) CS lattice morphology with size distribution and Gaussian fitting. CS struts were thicker 
(mean: 247.6 ± 27.2 µm), less variable, and yielded lower overall porosity (40.5% vs. 67.6% in I3P), limiting osteointegration potential. (D) CS pore 
morphology with pore size distribution and Gaussian fitting. CS pores were smaller (mean: 141.6 ± 49.2 µm) and more narrowly distributed, reflecting 
limited controllability from bead-packing and sintering. All Gaussian fittings were performed without normalization and with the baseline parameter 
fixed at 0. Collectively, I3P produced trabecular layers with higher porosity, broader pore distributions, and more biomimetic architecture compared to 
the conventional sintering approach, highlighting the superior osteointegration potential in constructs made by I3P. Abbreviations: CS, Cast-sintered; I3P, 
integrated 3D printing.
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The improvement in mechanical properties and its 
connection with microstructural refinement is clearly 
highlighted by the quantitative tensile testing. Prior to 
HIP, I3P substrates showed mixed performance when 
compared with cast substrates. However, after HIP the I3P 
substrates significantly outperformed the cast counterparts 
in yield strength, tensile strength, and ductility (Figure 3). 
This demonstrates the central importance of eliminating 
micropores and residual interlayer defects from LPBF 
(Figure 2) through an optimized HIP process. 

This microstructure refinement also improves wear 
and fatigue resistance. The finer microstructure of I3P 
alloys translated into superior hardness (31 HRC vs. 23 
HRC for cast), enabling smoother polishing and reduced 
counterface wear. In long-term wear testing up to 5 
million cycles, I3P femoral condyles consistently showed 
lower mass loss compared to cast controls (Figure 3). 
This performance reflects both higher intrinsic hardness 
and the reduced local hardness variability afforded by 
the uniform I3P microstructure. Cast alloys, by contrast, 
contain microstructural inhomogeneities that limit surface 
smoothness and accelerate tibial insert wear.

Finally, in terms of fatigue resistance, I3P femoral 
condyles demonstrated superior performance, surviving at 
least 10 million cycles at 3000 N, compared with 2900 N 
for cast femoral condyles (Figure 4). At each step increase 
in load, I3P specimens maintained a higher survival rate 
and endured more cycles before failure. This improved 
fatigue performance is attributed to the homogeneity of 
the I3P substrate, which distributes applied stresses more 
uniformly, thereby reducing stress concentrations that 
typically initiate cracks in coarser cast alloys.

Taken together, I3P substrates feature a refined grain 
structure, higher tensile strength and ductility after HIP, 
greater hardness and wear resistance, and improved fatigue 
life, as compared with conventionally cast substrates. These 
attributes confer superior durability and risk resistance, 
supporting I3P as a promising manufacturing route for 
cementless femoral condyles.

Trabecular surface characteristics
The bone-contacting surface of a cementless femoral 
condyle implant is central to its clinical performance, 
as both the pore architecture and the integrity of the 
substrate–porous interface determines osteointegration 

Figure 6. Interfacial bonding strength between trabecula-inspired porous layers and substrates fabricated by I3P and CS. Tensile and shear bond strength 
were measured using a universal testing machine with 10 specimens per group. I3P structures demonstrated significantly higher values (tensile: 56.1 MPa; 
shear: 50.0 MPa) compared with sintered counterparts, reflecting the advantage of forming the porous layer and substrate in a single integrated step. 
In contrast, sintered structures are prone to incomplete melting and nonuniform particle necking, which weakens the interface. The superior bonding 
performance of I3P establishes a more durable and reliable substrate–porous junction, reducing risks of delamination and enhancing long-term implant 
stability. *Compared with the CS specimens, the I3P specimens showed two-sample Student’s t-test p-values of 7.41 × 10−3 for tensile strength. **Compared 
with the CS specimens, the I3P specimens showed two-sample Student’s t-test p-values of 4.67 × 10−5 for shear strength. Abbreviations: CS: Cast-sintered; 
I3P: integrated 3D printing.
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and long-term mechanical stability. I3P can outperform 
conventional additive manufacturing methods in terms of 
interfacial bonding strength, and has demonstrated clear 
advantages over traditional sintering in both respects.

CT-based characterization revealed that I3P 
trabeculations were formed with thinner mean struts 
and substantially higher porosity (67.6% vs. 40.5%) 
(Figure 5). These characteristics are directly favorable for 
osteointegration, since increased porosity and reduced 
strut thickness enhance surface area for bone apposition 
while providing more open channels for vascular and 
cellular infiltration. The mean pore size of I3P trabeculae 
(317.2 ± 124.4 µm) was more than twice that of sintered 
layers (141.6 ± 49.2 µm), placing it firmly within the 
widely recognized 100–500 µm window for bone ingrowth 
(Figure 5).27 Importantly, the broader pore size distribution 
produced by I3P offers additional biological advantages: 
smaller pores can facilitate early osteoid deposition 
and cell adhesion, while larger pores accommodate 
neovascularization and subsequent bone remodeling.28–31 
By contrast, the narrower pore size distribution of sintered 
coatings are constrained by bead diameter and stacking 
behavior. This limits biological adaptability and does not 
recapitulate the morphological heterogeneity of native 
trabecular bone. Together, these findings underscore 
I3P’s capacity to produce pore architectures that are not 
only within the optimal osteoconductive range but also 
more biomimetic and adaptable across different phases of 
bone healing.

The integrity of the interface between the porous 
layer and the dense substrate is equally critical to implant 
performance, as failures often occur by delamination or 
particle shedding. Mechanical testing confirmed that I3P 
generated a stronger and more reliable interface compared 
to those of sintered counterparts (Figure 6). This difference 
arises from fundamental differences in process physics. 
In sintering, discrete beads fuse through neck formation 
that is often incomplete or nonuniform, leaving weak links 
at both bead–bead junctions and at the porous–substrate 
boundary. This random packing and limited metallurgical 
continuity elevate the risk of interface separation under 
cyclic load. By contrast, I3P builds the porous trabeculae 
and solid substrate in a single integrated step, ensuring full 
material continuity and densification across the transition 
zone. Even though the average I3P struts are thinner than 
sintered beads, the absence of incomplete melting or weak 
necks produces a far stronger and more stable bond. This 
continuity translates into lower delamination risk, higher 
structural reliability, and longer-term stability of the 
implant surface in vivo.

Structurally, the trabecula-inspired porous layers 
generated by I3P not only provide superior control over 
porosity and interconnectivity but also enable precise 
tailoring of these parameters to match biological and 
mechanical requirements. The ability to adjust pore size 
distribution, strut thickness, and layer thickness within 
a controlled design framework opens opportunities for 
patient-specific implants optimized for anatomical site, 
bone quality, or activity level. Moreover, the integration 
of porous and dense regions in a single build eliminates 
the delamination and particle shedding risks inherent in 
sintered or mechanically bonded coatings. These combined 
features support more effective osteointegration and more 
durable long-term fixation, underscoring the clinical 
potential of I3P as a next-generation manufacturing 
approach for cementless femoral condyle implants.

4.3. Clinical significance and future directions 
Taken together, I3P femoral condyles unite three 
essential performance attributes: a substrate with refined 
microstructure and superior mechanical strength to 
withstand abnormal stresses, enhanced hardness and 
fatigue resistance to extend service life, and a trabecula-
inspired porous layer optimized for osteointegration. This 
unique triad positions I3P as a superior alternative to 
conventional additive manufacturing and to casting-and-
sintering approaches, particularly for cementless fixation 
where both mechanical integrity and biological integration 
are critical.32

At the same time, product-level outcomes remain 
influenced by implant geometry and patient-specific 
variables such as anatomy, activity level, and bone quality. 
The present study addressed this variability by employing 
the worst-case model by a head-to-head using a particular 
commercial implant geometry, thereby ensuring that the 
comparative results are both stringent and representative. 
With its structural precision and flexibility, I3P is expected 
to deliver even greater adaptability and performance 
across a wider spectrum of implant geometries and 
patient conditions.

Although the present study focused on mechanical 
and structural performance of I3P, the biological response 
to I3P surfaces is an important direction of future 
work. In vitro and in vivo studies examining osteoblast 
adhesion, bone ingrowth, and interfacial remodeling 
complement the mechanical findings reported here. Prior 
investigations of lattice architectures with comparable pore 
size and interconnectivity have demonstrated favorable 
osteoconductive behavior, suggesting similar potential 
for the I3P trabecular surfaces described in this study. 
Future work will address detailed evaluation of these 
biological aspects.
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Beyond the knee, the intrinsic versatility of I3P 
supports translation of this approach to other load-
bearing and articulating systems, including hip, shoulder, 
and wrist implants, as well as spinal devices. Based on 
the advantages demonstrated here, I3P holds promise to 
improve fixation, durability, and long-term stability across 
multiple orthopedic applications, reinforcing its potential 
as a scalable platform technology for next-generation 
implant design.

5. Conclusion
This study demonstrates the advantages of I3P in the 
fabrication of cementless femoral condyles through 
a comprehensive evaluation of its substrate- and 
product-level performance compared with conventional 
manufacturing routes. I3P substrates exhibited finer and 
more homogeneous microstructures than cast or sintered 
alloys, resulting in superior tensile properties, improved 
fatigue resistance, and greater hardness that allowed 
smoother polishing and reduced counterface wear. At the 
surface level, I3P outperformed sintering by producing 
trabecula-inspired structures with controllable pore size 
distribution, enhanced interconnectivity, and stronger 
bonding to the substrate. Together, these attributes 
highlight I3P as a robust platform for extending implant 
longevity and improving biological integration.

The intrinsic flexibility and precision of additive 
manufacturing further positions I3P as a versatile tool for 
optimizing implant design according to patient-specific 
anatomy and in vivo loading conditions, enabling iterative 
advances toward personalized solutions for even primary 
procedures. The integrated nature of the process also 
ensures product stability, underscoring its scalability for 
industrial production and clinical translation. While this 
work focused on femoral condyles, the same principles can 
be extended to hip, shoulder, and wrist implants, as well 
as spinal systems. Collectively, these findings establish a 
foundation for the broader application of I3P in cementless 
arthroplasty and support its potential as a next-generation 
strategy in orthopedic implant manufacturing.
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