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Featured Application: The results of this work could be applied to the pre-clinical testing of 

custom-made knee implants. 

Abstract: In severe cases of total knee arthroplasty, where off-the-shelf implants are not suitable or 

available anymore (i.e., in cases with extended bone defects or periprosthetic fractures), custom-

made knee implants represent one of the few remaining treatment options. Design verification and 

validation of such custom-made implants is very challenging. The aim of this study is to support 

surgeons and engineers in their decision on whether a developed design is suitable for the specific 

case. A novel method for the pre-clinical testing of custom-made knee implants is suggested, which 

relies on the biomechanical test and finite element analysis (FEA) of a comparable reference implant. 

The method comprises six steps: (1) identification of the main potential failure mechanism and its 

corresponding FEA quantity of interest, (2) reproduction of the biomechanical test of the reference 

implant via FEA, (3) identification of the maximum value of the corresponding FEA quantity of 

interest at the required load level, (4) definition of this value as the acceptance criterion for the FEA 

of the custom-made implant, (5) reproduction of the biomechanical test with the custom-made 

implant via FEA, (6) conclusion, whether the acceptance criterion is fulfilled or not. Two exemplary 

cases of custom-made knee implants were evaluated with this method. The FEA acceptance 

criterion derived from the reference implants was fulfilled in both custom-made implants. 

Subsequent biomechanical tests verified the FEA results. The suggested method allows a 

quantitative evaluation of the biomechanical properties of a custom-made knee implant without 

performing a biomechanical test with it. This represents an important contribution in the pre-clinical 

testing of custom-made implants in order to achieve a sustainable treatment of complex revision 

total knee arthroplasty patients in a timely manner.  
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1. Introduction 

Recent advances in three-dimensional imaging and additive manufacturing allow 

novel personalized clinical treatments [1]. In orthopedics, such techniques were 

commonly used to design patient-specific instruments, which are specific to the patient’s 

anatomy to achieve an accurate implant alignment [2,3]. Further, the use of personalized 

knee implants in total knee arthroplasty (TKA) has become increasingly popular in recent 

years [4]. Although personalized knee implants accurately restore the mechanical axis of 
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the patient’s anatomy through an improved implant design and implant fit [5], clinically 

important improvements compared to conventional off-the-shelf implants could not be 

shown for “uncomplicated” primary TKA [6]. 

In more “complicated” TKAs, such as trauma injuries or revision cases, which are 

often associated with severe bone loss, personalized knee implants provide a substantial 

benefit for the patients [7,8]. In these cases, when off-the-shelf implants are not suitable or 

available anymore, personalized knee implants could serve as one of the few remaining 

options to restore the joint function or even prevent limb amputation [9]. The costs for a 

custom-made knee implant are higher compared to off-the-shelf implants and highly 

depend on the complexity of the implant and whether additional instruments are 

required. It was reported that the costs vary between EUR 4321.53 and EUR 19,900.82 [9]. 

The overall healthcare costs in terms of projected lifetime healthcare cost has been 

reported to be three times lower comparing reconstruction with amputation of a limb-

threating injury (USD 163,282 compared to USD 509,275) [10]. 

Personalized knee implants are distinguished in patient-matched implants and 

custom-made implants [11,12]. Patient-matched implants are adjusted to the patient’s 

anatomy within a specific design envelope and are designed and produced under the 

responsibility of the implant manufacturer. Custom-made implants are intended to 

address the specific condition of one single patient with specific design characteristics in 

a single-unit production [12,13]. The responsible surgeon and the corresponding engineer 

work in close collaboration, whereby, in very simplified terms, the surgeon is responsible 

for the medical evaluation and the engineer for its proper and careful realization [11,14]. 

The manufacturing of a custom-made implant is based on established and validated 

processes under a quality management system [15–17]. 

Due to the inherent unique design characteristic, the design process is one of the most 

critical parts during the workflow of a custom-made implant [15]. In particular, the 

validation and verification for critical mechanical endurance properties is a very 

challenging task. Pre-clinical biomechanical tests, as routinely performed for off-the-shelf 

implants, are impractical for a single-unit custom-made implant due to the unique design 

and, depending on the diagnosis, the limited available supply time. It has been 

recommended that a custom-made implant should be based on a underlying medical 

device or reference implant, which allows certain variants or modifications [14,16]. 

Validation and verification of the intended purpose of the underlying reference implant 

should be performed and documented in advance. When a specific custom-made implant 

is requested by a surgeon, it must be proven that the custom-made implant is covered by 

the underlying medical device [16]. 

In a few cases, a patient’s diagnosis requires a custom-made implant with a specific 

design feature, which is not covered by an underlying reference implant. This feature in 

the custom-made implant needs to be evaluated in advance to the clinical use within the 

mandatory benefit–risk analysis. Since prolonged supply time often negatively affects the 

patient’s condition, the shortest possible evaluation time for the benefit–risk analysis is 

desirable. For mechanical considerations, a finite element analysis (FEA) is beneficial and 

has been commonly used in the pre-clinical testing of orthopedic devices [18]. Using FEA 

in pre-clinical testing, it is recommended to define the “question of interest” and the 

“context of use” [19] at the beginning. Then, the model risk needs to be identified (i.e., the 

severeness of the consequences caused by incorrect FEA results). Based on this, the model 

credibility could be obtained (i.e., the usefulness of the model by verification and 

validation), which includes the evaluation against an adequate comparator. An adequate 

comparator could be an in vitro study (e.g., biomechanical test) or an in vivo study (e.g., 

a clinical trial). Only in cases when the model credibility in the defined “context of use” is 

acceptable, could the “question of interest” be answered by the model. 

To predict the mechanical properties of custom-made knee implants using an FEA, 

the potential failure mechanism and its corresponding quantity of interest need to be 

identified [20]. Then, an adequate comparator needs to be defined, which could be the 
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corresponding reference implant and its biomechanical results. However, this requires 

that the custom-made implant is comparable to the reference implant in terms of intended 

use, design, material, manufacturing and loading, and that the reference implant has been 

successfully tested according to given standards. 

The aim of this study is to provide surgeons and engineers with a method to evaluate 

the mechanical properties of a custom-made knee implant, in a fast and quantitative way, 

to support their decision on whether the design is suitable for this specific case. Within 

this method, the biomechanical test of a reference implant is reproduced by FEA to obtain 

the value of the crucial quantity of interest at the required load level. The biomechanical 

test is then also reproduced with the custom-made implant and the obtained value is used 

as the acceptance criterion. It is assumed that, when the reference implant fulfills the 

biomechanical acceptance criterion and the custom-made implant is exposed to equal or 

less mechanical burden, the custom-made implant would fulfill the acceptance criterion. 

Under the above-described requirements, it is hypothesized that the mechanical 

performance of a custom-made implant can be evaluated solely by FEA.  

The hypothesis was tested in two exemplary custom-made knee implants. In custom-

made implant 1, a geometrical modification of the reference implant was evaluated. In 

custom-made implant 2, the taper junction from a custom-made implant to an off-the-

shelf implant was evaluated. For these two examples, biomechanical tests and FEA of the 

reference implants, as well as the custom-made implants, were performed. The FEAs 

showed that, in both examples, the custom-made implants were exposed to less 

mechanical burden compared to the corresponding reference implants. The acceptance 

criterion for the custom-made implants were fulfilled in both biomechanical tests. 

2. Materials and Methods 

2.1. Pre-Clinical Testing Method for Custom-Made Knee Implants 

Pre-clinical biomechanical tests could be summarized in the steps “Input”, “Test”, 

“Output”, and “Conclusion” (Figure 1). For an off-the-shelf implant, a pre-defined 

acceptance criterion from specific standards, previous studies, literature and/or specific 

lab experience (“Input”) could be tested in a dedicated biomechanical test setup (“Test”). 

The resulting endurance limit (“Output”) defines whether the pre-defined acceptance 

criterion is fulfilled or not (“Conclusion”) (Figure 1a). 

The mechanical burden on a custom-made implant during physiological load could 

be simulated via FEA. However, since a clinically relevant acceptance criterion cannot be 

defined in advance, the FEA does not yield to a conclusion (Figure 1b). The suggested 

method takes advantage of the biomechanical test of the reference implant to define the 

acceptance criteria for the custom-made implant. The biomechanical test of the reference 

implant is reproduced in an FEA. The endurance limit obtained by the biomechanical test 

could then be correlated to the FEA results. The clinically relevant mechanical load could 

be transferred to FEA and used as the acceptance criterion for the FEA of the custom-made 

implant. Thereby, the FEA of the custom-made implant yields to a conclusion such that 

the mechanical endurance properties of a custom-made implant could be assessed 

without performing a biomechanical test with it (Figure 1c). The method was applied to 

two exemplary custom-made knee implants.  
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Figure 1. Pre-clinical biomechanical testing. (a) Biomechanical test of an off-the-shelf implant with 

a pre-defined acceptance criterion leads to certain conclusion. (b) A finite element analysis (FEA) of 

a custom-made implant does not yield to a conclusion since the acceptance criterion for the FEA 

cannot be defined in advance. (c) An FEA of the custom-made implant yields to a conclusion when 

using the outputs of the biomechanical test and of the FEA of the reference implant as the acceptance 

criterion for the custom-made implant. 

To replicate a biomechanical test using FEA, the relevant elements from the 

biomechanical test setup need to be modeled in the FEA test setup (Figure 2). The cyclic 

loading of a biomechanical test is replicated by a quasistatic load in the FEA. The 

embedding of the stem in casting resin is modeled by an elastic support. The basis of the 

test machine is modeled in FEA by a fixed support. Details of the specific biomechanical 

test method are given in Section 2.3 and details of the FEA in Section 2.4. 
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Figure 2. Overview of the biomechanical and finite element analysis test method. Sodium chloride 

(NaCl). 

2.2. Custom-Made Knee Implants 

Two custom-made knee implants were considered in this study (Table 1). Custom-

made implant 1 is a geometrically modified version of reference implant 1. Aseptic implant 

loosening associated with severe bone defects of a 71-year-old male patient with cement and 

metal ion sensitivity requires a custom-made implant. The interconnection position of the 

stem at the custom-made implant is in a more anterior position compared to the reference 

implant. This modification has become necessary due to the severe femoral bone loss in 

combination with the specific patient anatomy. For such a modification, mechanical fatigue 

around the interconnection area was identified by a risk-based approach as the main 

potential mechanical failure mechanism. In the reference implant, this failure mechanism 

was evaluated in the pre-clinical biomechanical test through a dedicated femur stem fatigue 

test [21]. In an FEA, the quantity of interest would be tensile stress and complementary van 

Mises stress, elastic deformation and micromotion. 

In custom-made implant 2, the taper junction from an off-the-shelf implant compared 

to the custom-made implant was evaluated. In this specific case, a 76-year-old female 

patient showed a recurrent periprosthetic fracture at the tip of the femoral stem after 

stabilization with a plate. Patient’s diagnosis showed a tibial implant with good 

osteointegration. The responsible surgeon required a custom-made femur implant which 

is compatible with the existing tibial implant and which provides a taper junction to an 

off-the-shelf revision system of another manufacturer. The taper junction is a potential 

cause of fretting and corrosion, which has been reported as a potential cause of early 

failure and revision surgery [22]. Therefore, the taper junction is considered as the main 

potential mechanical failure mechanism. In FEA, the quantity of interest would be 

micromotion and complementary tensile and van Mises stress. 
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Table 1. Overview of the custom-made implants. 

 Custom-Made Implant 1 Custom-Made Implant 2 

Clinical case and 

pre-operative  

planning 

    

Implant  

components 

  
Main failure  

mechanisms 

Mechanical fatigue of  

proximal-anterior box area 

Fretting corrosion at the taper 

junction 

Corresponding  

FEA measure 
Maximum tensile stress Maximum micromotion 

Post-operative  

image 

  

2.3. Biomechanical Test Setup 

Biomechanical tests of custom-made implant 1 and reference implant 1 were 

performed on a hydraulic axial testing system (585 MiniBionix, MTS, Eden Prairie, MN, 

USA) (Figure 3a,b). Off-the-shelf stems were mounted torque-controlled to reference 

implant 1 as well as to custom-made implant 1 with 27 Nm. The stems were embedded in 

casting resin, such that the femoral components were tilted to 7° in the sagittal plane and 

9° in the frontal plane. The load was applied via an off-the-shelf meniscus component with 

a height of 10 mm. In order to avoid shear stress, the interface between load actuator and 

meniscus component was lubricated with silicone oil such that the meniscus component 

was able to move freely in horizontal direction. The loading protocol consists of force 

controlled, sinusoidal compression with a peak load of 2.6 kN and a minimum load of 260 

N. This cyclic load was applied with a frequency of 15 Hz for 10,000,000 cycles. The 

number of cycles is based on well-established standards of orthopedic implants to 

investigate high cycle fatigue phenomena of metallic components under dynamic loading 

[23]. In order to analyze the failure mechanism and the safety reserves, both assemblies 

were tested in addition according to the Locati method. After 10,000,000 cycles, the peak 

load was increased every 1,000,000 cycles for 500 N, whereby the ratio of minimum to 
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maximum load of 0.1 remained constant. The procedure was stopped at completion of 

load level 4.6 kN.  

 

Figure 3. Biomechanical test and finite element analysis setup of (a) reference implant 1, (b) custom-

made implant 1, (c) reference implant 2, and (d) custom-made implant 2. Multi-point constraint 

(MPC), Quantity of interest (QoI). 

The biomechanical tests of custom-made implant 2 and reference implant 2 were 

performed in two different setups (Figure 3c,d). The investigation was focused on the 

clinical acceptance of the taper junction itself. This taper junction was developed and 

tested within a hip assembly, consisting of a trochanteric module and a stem (Figure 3c). 

Custom-made implant 2 relies on the identical taper junction, yet in a knee assembly 

(Figure 3d). A biomechanical off-the-shelf knee assembly test with this taper junction was 

not available. Therefore, the results of the hip assembly test were compared to the results 

of the knee assembly test. The taper junctions in both biomechanical applications are 

exposed to combined bending load, such that this comparison was considered acceptable. 

In accordance with the clinical practice, in the hip assembly the stem was mounted to the 

Trochanteric module with a hammer punch in the axial direction. The locking screw was 

mounted using 10 Nm torque-controlled. The stem was embedded in casting resin with a 

tilt of 10° in the frontal plane and 9° in the sagittal plane. A load-controlled hydraulic axial 

testing system was used to apply a sinusoidal compression load with a maximum load of 

2.3 kN and a minimum load of 230 N with a test frequency of 5 Hz. After 5,000,000 cycles, 

the load was increased every 1,000,000 cycles by 500 N, whereby the ratio between 

minimum and maximum load of 0.1 remained constant. The procedure was stopped after 

completion of load level 4.8 kN. The biomechanical test setup of custom-made implant 2 

in the knee assembly (Figure 3d) is analog to the test setup of custom-made implant 1. The 

mounting of custom-made implant 2 to the stem was performed in accordance with 

reference implant 2 using a hammer punch and the locking screw was mounted (10 Nm 

torque controlled). The stem was embedded in casting resin at the proximal end such that 

a distance between joint line and embedding level of 132 mm resulted. Sinusoidal 

compression load with a maximum load of 2.7 kN and a minimum load of 270 N was 

applied for 10,000,000 cycles. After completion of 10,000,000 cycles the peak load was 

increased every 1,000,000 cycles by 500 N until completion of load level 4.7 kN. 
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2.4. Finite Element Analysis 

FEA models of each biomechanical test setup were developed and solved using 

ANSYS v 20R2 (ANSYS Inc., Canonsburg, PA, USA). Both reference implants as well as 

both custom-made implants consist of Cobalt–Chromium alloy, which comprised a 

modelled linear elastic with a Young’s modulus of 2.2 × 105 MPa and a Poisson’s ratio of 

0.32. In order to model the embedding of the stem’s efficiently, an elastic support with a 

foundation stiffness of 400 N/mm3 was assumed. All parts were meshed with a global 

element size of 1.5 mm using 3D 10-node tetrahedral structural solid elements (ANSYS 

Solid187). A sphere of influence at the center of the modular connection with a diameter 

of 20 mm was defined. In this volume, the mesh was refined to 0.5 mm. The high-stressed 

faces of the implant components were refined to an element size of 0.125 mm. In total 

approximately 470,000 elements with 720,000 nodes were used. The used mesh density 

was based on a convergence study. 

Two load steps were calculated in the FEA of custom-made implant 1. In the first 

load step, the components were mounted (torque controlled with 27 Nm), which was 

simulated by a screw with axial pre-tension. Since this axial pre-tension depends on the 

unknown friction coefficient of the screw, the simulation was executed with 5 kN, 8 kN 

and 10 kN axial pre-tension in order to investigate the sensitivity to this parameter. To 

simulate the biomechanical test setup, all surfaces below the embedding level were 

supported elastically to simulate the surrounding embedding material used in laboratory 

test setup (Figure 2). The frictional contacts in the junction were modeled using the 

ANSYS frictional contact of 0.2. The load of 2.6 kN was applied on the reference implant 

(Figure 3a) as well as on the custom-made implant (Figure 3b).  

The FEA models of reference implant 2 and custom-made implant 2 were different. 

Reference implant 2 was tested according to hip standards and custom-made implant 2 

according to knee standards. The hip standard requires a performance of 2.3 N for 

5,000,000 cycles [24]. However, since the taper junction is applied to a custom-made knee 

implant, a performance of 2.7 kN for 10,000,000 cycles needs to be fulfilled [25]. The FEA 

for both implants included four subsequent load steps. In the first step, a mounting of 2 

kN was applied to assemble the components. In the second and third steps, the mounting 

force was withdrawn and pre-tension was applied via the locking screw. The pre-tension 

was defined as 6.5 kN and varied to 5 kN and 8 kN. In the fourth step, a load of 2.3 kN for 

reference implant 2 and a load of 2.7 kN for custom-made implant 2 were applied. 

3. Results 

The suggested method was executed for both custom-made knee implants. The FEA 

results of the reference implants were compared to the custom-made implants at the load 

level of the corresponding performance requirements. The findings were then verified by 

biomechanical tests on each custom-made implant. 

3.1. Custom-Made Implant 1 

The biomechanical test of reference implant 1 showed that the implant withstood an 

axial load of 2.6 kN for 10,000,000 cycles without failure, which implies a fulfillment of the 

pre-defined acceptance criterion [26]. To identify the safety margin and the failure 

mechanism, the peak load was increased by 500 N after completion of each 1,000,000 

cycles. One sample showed a fracture in the screw and stem in load step 4.6 kN, one 

sample showed a fracture of the proximal-anterior part of the box at 3.6 kN, and one 

sample completed the load step of 4.6 kN without any visible failure. It is worth 

mentioning that implant fracture is inevitable with increasing loads and that the observed 

failure is not necessarily clinically relevant. For this specific off-the-shelf implant, several 

studies and register data demonstrate that this implant provides reliable and durable 

reconstruction of the knee joint [27–29]. 
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The FEAs of reference implant 1 and custom-made implant 1 were performed with 

screw pre-tension values of 5 kN, 8 kN and 10 kN. Obtained values of tensile stress, van 

Mises stress and micromotion were compared between reference implant 1 and custom-

made implant 1, in terms of absolute values and relative values (Table 2). Custom-made 

implant 1 showed a maximum tensile stress of 36% and a maximum van Mises stress of 74% 

and 76%, compared to reference implant 1, respectively. Custom-made implant 1 showed a 

maximum micromotion of 113% at a screw pre-tension of 5 kN compared to reference 

implant 1. With increased screw pre-tension to 8 kN and 10 kN, the maximum micromotion 

of custom-made implant 1 was 68% and 63% compared to reference implant 1, respectively. 

Table 2. FEA results of custom-made implant 1. 

 Max. Tensile Stress [MPa] Max. Van Mises Stress [MPa] Max. Micromotion [mm] 

Screw Tension 5 kN 8 kN 10 kN 5 kN 8 kN 10 kN 5 kN 8 kN 10 kN 

Reference 

implant 

1381 

100% 

1736 

100% 

2020 

100% 

1734 

100% 

1736 

100% 

1801 

100% 

0.171 

100% 

0.0232 

100% 

0.0197 

100% 

Custom-made 

implant 

509 

36% 

628 

36% 

725 

36% 

1283 

74% 

1283 

74% 

1 376 

76% 

0.194 

113% 

0.0159 

68% 

0.0124 

63% 

The maximum tensile stress of reference implant 1 occurred in the proximal-anterior 

area of the box (Figure 4a). The maximum tensile stress of custom-made implant 1 was 

observed in a more posterior area compared to reference implant 1. The observed crack in 

the second sample of reference implant 1 in the proximal-anterior area of the box could be 

explained by the high tensile stress in this area (Figures 4a and 5b). 

 

(a) Reference implant 1 (b) Custom-made implant 1 

Figure 4. Reference implant 1 and custom-made implant 1. (a) Maximum tensile stress (σmax) and 

tensile stress distribution of reference implant 1 as well as (b) custom-made implant 1. 

The FEA results of custom-made implant 1 were verified by a biomechanical test. 

This test showed that the implant withstood a cyclic loading of 2.6 kN for 10,000,000 cycles 

without any visible failure and fulfilled, thereby, the required performance criteria. The 

observed displacement was in an expectable range (Figure 5a). A stepwise increase in the 

peak load of 500 N after completion of every 1,000,000 cycles led to a fracture of the screw 

at a load level of 4.6 kN after 13,485,000 cycles (Figure 5c).  
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Figure 5. Experimental results of custom-made implant 1. (a) Load and displacement curves relative 

to cycles. (b) Mechanical fracture of one sample of reference implant 1. (c) Fracture of the stem 

connected to custom-made implant 1. 

3.2. Custom-Made Implant 2 

A biomechanical test on the taper junction of reference implant 2 showed that the 

assembly withstood cyclic loading, with a peak load of 2.3 kN for 5,000,000 cycles and 

thereby, fulfilled the pre-defined acceptance criterion [30]. A stepwise increase in the peak 

load by 500 N after completion of each 1,000,000 cycles showed no macroscopic damage 

to the taper junction. The procedure was stopped after completion of load step 4.8 kN. 

Since the taper junction was applied to a knee implant, the simulated load level of 

the custom-made implant was 2.7 kN. In both FEAs, the screw pre-tension values were 

assumed to be 5 kN, 6.5 kN and 8 kN. Obtained values of tensile stress, van Mises stress 

and micromotion were compared between reference implant 2 and custom-made implant 

2, in terms of absolute values and relative values (Table 3). The values for maximum 

micromotion, as the main failure mechanism, were lower in custom-made implant 2 

compared to reference implant 2. Depending on the screw pre-tension, the relative values 

of maximum micromotion of custom-made implant 2 were 91%, 87%, and 82% compared 

to reference implant 2. The values for maximum tensile stress and maximum van Mises 

stress were higher in custom-made implant 2 compared to reference implant 2 and were 

in a range between 120% and 127%. 

Table 3. FEA results of custom-made implant 2. 

 Max. Tensile Stress [MPa] Max. Van Mises Stress [MPa] Max. Micromotion [mm] 

Screw Tension 5 kN 6.5 kN 8 kN 5 kN 6.5 kN 8 kN 5 kN 6.5 kN 8 kN 

Reference 

implant 

551 

100% 

660 

100% 

772 

100% 

571 

100% 

637 

100% 

731 

100% 

0.0247 

100% 

0.0237 

100% 

0.0227 

100% 

Custom-made 

implant 

697 

126% 

818 

124% 

940 

121% 

687 

120% 

807 

126% 

927 

127% 

0.0225 

91% 

0.0206 

87% 

0.0187 

82% 

The micromotion distributions were similar between reference implant 2 and 

custom-made implant 2 (Figure 6). The locations of the maximum values in both implants 

are at the bottom of the taper junction, in the direction of the fixation screw, on the side 

where the loads were applied. During load application, the taper junction gets 

compressed, whereby, at the load side, more micromotion was observed. Yet, maximum 
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micromotion values of 0.0237 mm and 0.0206 mm are small and in a range where only 

negligible fretting corrosion would be expected. 

 

(a) Reference implant 2 (b) Custom-made implant 2 

Figure 6. FEA results of reference implant 2 and custom-made implant 2. (a) Maximum micromotion 

(dmax) and micromotion distribution of reference implant 2 and (b) custom-made implant 2. 

The micromotion distribution of custom-made implant 2 showed a similar pattern 

compared to the tested taper junction (Figure 7c). The areas of contact were visible with a 

characteristic pattern of moderate fretting corrosion, yet no severe macroscopic fretting 

corrosion damage could be observed.  

The FEA results of custom-made implant 2 were also verified in a biomechanical test. 

The test showed that the assembly withstood cyclic loading with a peak load of 2.7 kN for 

10,000,000 cycles without failure and thereby, fulfilled the required acceptance criterion. 

A stepwise increase of 500 N after completion of each 1,000,000 cycles showed no 

macroscopic failure in the taper junction (Figure 7b). The procedure was stopped after 

completion of load step 4.7 kN (Figure 7a). 

 

Figure 7. Experimental results of custom-made implant 2. (a) Load and displacement relative to 

cycles. (b) Components of custom-made implant 2 test assembly. (c) Taper junction of the stem 

connected to custom-made implant 2. 
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4. Discussion 

Unique design characteristics and limited available supply time may impede profound 

pre-clinical in vitro biomechanical testing of custom-made knee implants. An individual 

simulation of the biomechanical testing via FEA does not yield a conclusion, since an 

acceptance criterion for the FEA results cannot be defined in advance. For cases where the 

custom-made knee implant is comparable to a reference implant (in terms of intended use, 

design, material, bone–implant interface, and manufacturing) and a biomechanical test of 

this reference implant is available, this study suggests a method to draw a conclusion on the 

suitability of the design of a custom-made implant solely based on FEA results.  

The suggested method comprises six steps: (1) identification of the main potential 

failure mechanism and its corresponding FEA quantity of interest, (2) reproduction of the 

biomechanical test of the reference implant via FEA, (3) identification of the maximum value 

of the corresponding FEA quantity of interest at the required load level, (4) definition of this 

value as the acceptance criterion for the FEA of the custom-made implant, (5) reproduction 

of the biomechanical test with the custom-made implant via FEA, (6) conclusion, whether 

the acceptance criterion is fulfilled or not. The method was applied to two exemplary 

custom-made knee implants. It is hypothesized that the mechanical performance of these 

two custom-made implants can be evaluated solely by FEA. 

In custom-made implant 1, a geometrical modification of reference implant 1 had to 

be evaluated. In accordance with the suggested method, (1) mechanical fatigue was 

identified as the main potential failure mechanism, with tensile stress as the 

corresponding FEA quantity of interest, (2) the biomechanical test of reference implant 1 

was reproduced by FEA, where (3) a maximum tensile stress of 1 736 MPa resulted. (4) 

This maximum tensile stress was defined as the acceptance criterion for the FEA of 

custom-made implant 1. (5) The FEA of custom-made implant 1 revealed a maximum 

tensile stress of 628 MPa, which (6) implied that the acceptance criterion was fulfilled. In 

custom-made implant 2, the taper junction from an off-the-shelf implant to a custom-

made implant had to be evaluated. Therefore, (1) fretting and corrosion at the taper 

junction was identified as the main potential failure mechanism with micromotion as its 

corresponding FEA quantity of interest, (2) the biomechanical test of reference implant 2 

was reproduced by FEA, where (3) a maximum micromotion of 0.0237 mm resulted. (4) 

This maximum micromotion was defined as the acceptance criterion for the FEA of 

custom-made implant 2. (5) The FEA of custom-made implant 2 revealed a maximum 

micromotion of 0.0206 mm, which (6) implied that the acceptance criterion for custom-

made implant 2 was fulfilled.  

In order to validate the FEA results, both custom-made implants were manufactured 

and biomechanically tested. The biomechanical tests were performed according to the 

required standards for off-the-shelf knee implants. Both custom-made implants withstood 

the required mechanical loading and fulfilled the acceptance criterion. For these two 

examples, the hypothesis could be proven. 

The employment of computer modelling and simulation to evaluate the safety and 

efficacy of a medical product are referred to as in silico trials. Recently, in silico trials have been 

considered as a new methodology for the regulatory evaluation of a medical product [30]. It 

is our view that the use of in silico trials could augment and complement clinical in vivo 

studies [31–33]. Previously, FEA studies were commonly used to predict the clinical behavior 

of different knee implant aspects, for example, wear performance of the polyethylene inlay 

[34], tibial malalignment [35] or micromotion on a modular taper connection [36]. The 

approach to reproduce and validate biomechanical tests via FEA and use these measures as a 

reference for further mechanical implant design modifications has been used in a very 

interesting study on an energy-harvesting system in an instrumented hip stem [37]. Another 

common application of FEA in the context of knee implants is the identification of worst-case 

scenarios of implant combinations, in order to perform the required pre-clinical biomechanical 

tests only with the implant assembly of the worst-case scenario [38].  
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The suggested method in this study focused on the pre-clinical testing of custom-made 

knee implants. The strength of the method is that pre-clinical mechanical evaluation of a 

custom-made implant, which is often constrained by unique design characteristics and limited 

supply time, could be performed solely by FEA. Such an in silico trial could support the 

benefit–risk analysis of a custom-made knee implant. The design of the custom-made implant 

and its mechanical performance can be assessed without a time-consuming biomechanical 

test. Thereby, potential flaws in the design and/or potential improvements can be identified 

and discussed with the responsible surgeons, in order to provide an optimized and safe 

custom-made implant for the patient. Furthermore, the method provides a quantitative 

evaluation of the custom-made implant, in addition to the qualitative evaluation of surgeons’ 

and engineers’ experience. The strength of the study is that the method was applied to two 

exemplary custom-made implants to compare in silico results with in vitro results.  

The study and its method have several limitations. A first limitation is that the 

application to two exemplary custom-made implants with only one test sample each does 

not validate a method. The application at these two examples aimed to vividly present the 

method and to show a proof of concept. A validation of the method should include a 

larger number of cases, which cover several different modifications. Nevertheless, the 

proposed method may provide, already at this early stage, benefit to patients, since 

potential design flaws could be revealed. A second limitation is that different geometrical 

designs impair the transferability of the biomechanical test results from the reference 

implant to the custom-made implant. As highlighted above, the comparability of the 

custom-made implant and the reference implant is a prerequisite of the method. In this 

study, different manufacturing techniques were applied. The raw parts of the reference 

implants were manufactured by casting, whereby the raw parts of the custom-made 

implants were manufactured by additive manufacturing. Both manufacturing methods 

are validated and fulfill the mechanical requirements defined by the corresponding 

standard [39,40], such that the manufacturing technique with respect to mechanical 

properties could be considered as comparable. The third and main limitation of the study 

and its method is that it massively underestimates the highly complex mechanical 

evaluation of knee implant assemblies with its multiple dependencies, which cannot be 

reduced to the result of one FEA quantity of interest. The method supports the assessment 

of the mechanical properties of a unique custom-made implant by providing a 

quantitative comparison to a reference implant. The decision regarding whether a design 

of a custom-made implant is acceptable or not is multifactorial and several additional 

aspects need to be considered. This also implies that in cases when the acceptance criterion 

of the custom-made implant is not fulfilled, it does not necessarily mean that the design 

is unacceptable and a potential biomechanical test or clinical application would fail. The 

acceptance criterion for the FEA is defined at the required load level of the corresponding 

standard. However, the biomechanical tests of the reference implants showed that a 

stepwise increase in the load does not lead to mechanical failure. The FEA acceptance 

criteria could also be defined at the load level where the biomechanical test procedure 

stopped without mechanical failure (i.e., 4.8 kN for reference implant 2) and then use this 

FEA value as an acceptance criterion for the custom-made implant at the load level 

defined by the standards (i.e., 2.7 kN for custom-made implant 2). This would lead to a 

more offensive application of the method. In any case, a careful interpretation of the 

results and the consideration of additional aspects is mandatory. Furthermore, the 

evaluation is based on the credibility of the used finite element models to replicate the 

biomechanical test in silico. Inadequate validation and verification activities could have a 

high impact on the results. The used models for this study were assessed using the 

standardized Method of ASME V&V 40 [19]. Nevertheless, validation activities would be 

further improved if a direct measurement of QoIs in the biomechanical tests (e.g., by 

means of digital image correlation) and, thus, a quantitative comparison to the simulation 

results, could be performed. 
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The method should be applied in potential future studies to assess the mechanical 

properties of different custom-made implants and their corresponding reference implants 

in an increased number of test samples. Based on such comprehensive investigations, the 

credibility and borders of the method could be established. Furthermore, the method 

could also be used to investigate the mechanical effects of misaligned custom-made 

implants compared to well-aligned implants. For example, in cases where a certain patient 

anatomy allows only a specific orientation, which is outside the recommended 

orientation, the application of the method could provide a quantitative comparison to the 

recommended orientation of the tested reference implant and thereby, a conclusion on 

whether this specific orientation is acceptable in terms of mechanical endurance 

properties. The aim is to derive and validate a guideline, which may support surgeons 

and engineers in the pre-clinical mechanical assessment of custom-made implants. 

5. Conclusions 

Pre-clinical mechanical assessment of custom-made implants is very challenging. The 

sole employment of FEA does not yield a conclusion, since an acceptance criterion cannot be 

defined due to a missing comparator. A comparable reference implant could provide the 

required comparator and thereby, the acceptance criterion. This study suggests a method 

where the biomechanical test and FEA results of a reference implant are compared to the FEA 

results of a custom-made implant. The method was applied to two exemplary custom-made 

implants, which fulfill the acceptance criteria in the FEAs, as well as in the biomechanical tests. 

In custom-made implant 1, it could be shown that a more anterior position of the stem 

interconnection with an appropriate design does not lead to an increased tensile stress 

compared to corresponding reference implant 1. In the second example, it could be shown 

that a taper junction, which was originally tested in a hip implant assembly and then applied 

to a knee implant assembly, led to decreased micromotion. This method could support 

surgeons and engineers in their decision on whether a design of a custom-made knee implant 

is acceptable in terms of mechanical endurance properties.  
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