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Abstract
Custom-made triflange acetabular implants are increasingly used in complex revision surgery where supporting bone stock is diminished. In most cases these triflange cups induce stress-shielding. A new concept for the triflange is introduced that uses deformable porous titanium to redirect forces from the acetabular rim to the bone stock behind the implant and thereby reduces further stress-shielding. This concept is tested for deformability and primary stability.
Three different designs of highly porous titanium cylinders were tested under compression to determine their mechanical properties. The most promising design was used to design five acetabular implants either by incorporating a deformable layer at the back of the implant or by adding a separate generic deformable mesh behind the implant. All implants were inserted into sawbones with acetabular defects followed by a cyclic compression test of 1800N for 1000 cycles.
The design with a cell size of 4 mm and 0.2 mm strut thickness performed the best and was applied for the design of the acetabular implants. An immediate primary fixation was realized in all three implants with an incorporated deformable layer. One of the two implants with a separate deformable mesh needed fixation with screws. Cyclic tests revealed an average additional implant subsidence of 0.25 mm that occurred in the first 1000 cycles with minimal further subsidence thereafter.
It is possible to realize primary implant fixation and stability in simulated large acetabular revision surgery using a deformable titanium layer behind the cup. Additional research is needed for further implementation of such implants in the clinic.
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Introduction
A growing number of primary total hip arthroplasties are carried out annually due to the rising life expectancy. This, in turn, results in more revision surgeries, particularly in patients that had surgery at a relatively young age. In the United States alone revision arthroplasties are expected to grow by 137% by 2030 [1]. The main reason for revision surgeries is aseptic loosening of the implant (55%) [2]. For long-term fixation of uncemented acetabular cups bony ingrowth is required, which relies on the initial stability after implantation. There are a number of reasons that lead to insufficient fixation: i) micromotion at the bone-implant interface that results in fibrous tissue formation instead of bone ingrowth; ii) polyethylene wear particles that initiate an inflammatory response and subsequent bone loss; iii) infection related inflammation and bone loss; and iv) relative mechanically unloading (stress-shielding) of the bone stock under the acetabular implant [3, 4].
Numerous surgical techniques and implants are available to increase the success of revision total hip arthroplasties, including structural allografts, (non-)cemented hemispherical cups, oblong cups, jumbo cups, anti-protrusio cages, and Trabecular Metal augments and shells [5–9]. However, not every revision method and/or procedure is suitable for every large acetabular defect, resulting in high re-revision rates due to the (recurrent) loosening or implant migration of the acetabular cup [10].
Due to the high failure rates associated with revision cases, complex acetabular defects (e.g., Paprosky 3A/3B) are nowadays often treated with a patients-specific implant that precisely follows the actual shape of the acetabular cavity [11–14]. They often mechanically rely on three flanges that are screwed onto the cortices of the ilium, ischium, and pubis to obtain initial stability directly after implantation (triflange cups). However, the design is challenging as a perfect fit can never be reached due to complex shaped bone defects and segmentation errors due to imaging artefacts. A slight oversize of the stiff cup will lead to a bad fit with local overload and chances of instability with subsequent wiggling and micromotion. Therefore, most triflange revision cups are slightly undersized and in the deep central zone of the acetabulum there is no bone-implant contact. As a result, all loads are transferred via the flanges, leading to stress-shielding of the trabecular bone located underneath the implanted cup [15–17]. This lack of mechanical stimulus could eventually lead to even more bone resorption and might further destabilize the fixation of the acetabular cup and/or the stability of the entire pelvis [18, 19].
The abovementioned shortcomings of the current designs motivated us to develop alternative designs for the acetabular component that helps achieve a more natural stress distribution, with limiting stress-shielding while providing sufficient primary stability. Modern additive manufacturing technologies, including selective laser melting (SLM), can be used to manufacture patient-specific implants from ductile metals, such as commercially pure titanium (Grade 1) [20]. Pure titanium shows a mechanical behaviour that is somewhat similar to tantalum and outperforms its alloyed counterparts (e.g., Ti-6Al-4 V) in terms of the normalized high cycle fatigue strength. These properties make it a suitable material for cyclically loaded implants such as acetabular components [21]. With the current 3D printing techniques, structures as small as 200 μm can be manufactured at a reasonable accuracy, which present opportunities for highly porous structures that undergo substantial plastic deformation under compression. Incorporating such a deformable zone in acetabular implants renders the under-sizing of the implant unnecessary, as the implant will ‘deform’ to match the patient’s anatomy. Moreover, these porous (i.e., trabecular bone-like) structures generally expand laterally in response to axial compression, filling up complicated bone defects during insertion of the implant [22], thereby creating substantial implant-bone interface surface and primary stability.
In this study, we will test the feasibility of the abovementioned approach. The mechanical properties of highly porous pure titanium Body Centered Cubic (BCC) structures are examined in terms of stiffness, strength, plastic deformation and its capability to precisely fill an acetabular bone defect during insertion. In previous studies this type of unit cell exhibited a low yield stress and high ductility with a large lateral expansion. It is, therefore, expected to exhibit promising space-filling properties too [22]. In this study, we aim to alter the porosity such that elastic and plastic deformation of a porous deformable cup will fill the space of the acetabular defect and thereby create fixation and stability. We also evaluated the subsidence after insertion of such deformable acetabular implant under cyclic loading.

Methods
Study outline
This study contains three parts. First, the mechanical properties of porous structures designed with different dimensions of the BCC unit cell (Fig. 1) were determined with compression tests on cylinders with varying porosities and strut thicknesses. Based on the results of the first part, one of the unit cell dimensions was chosen for the design of custom-made acetabulum implants, which were then inserted in the acetabulum of bone mimicking Sawbone pelvises (Sawbones, Limhamn, Sweden) with systematically created acetabular defects to evaluate the space-filling potential of the deformable titanium. Finally, the inserted implants were cyclically loaded to measure their post-insertion migration to indicate primary stability.[image: ]
Fig. 1a The design of the body centred cubic (BCC) unit cell with the representation of the strut length (L), strut diameter (D), and unit cell size (U). b A 2 by 2 by 2 units porous structure consisting of 8 BCC unit cells



Cylindrical samples test
Three porous cylindrical samples were designed using 3-Matic (version 13.0, Materialise NV, Leuven, Belgium) (Fig. 1). The samples were 81 mm in height and had a diameter of 40 mm. All samples featured a BCC unit cell infill, using a different unit cell size for each design [23]. The cylinders were divided into three equal sections of 27 mm (Fig. 2) with each a different strut thickness to create a graded porosity (percentage of solid volume).[image: ]
Fig. 2The design of the graded porous cylinders. The top images show a schematic representation of the design, the bottom images are photographs of the corresponding printed samples. Unit cell dimensions: left = 3 × 3 × 3 mm, middle = 4 × 4 × 4 mm, right = 5 × 5 × 5 mm. The porosity gradient is obtained by adjusting the strut thickness in the specimens (from top to bottom: 0.20 mm, 0.31 mm, and 0.45 mm)


The pure titanium (Grade 1) specimens were manufactured with SLM using a ProX DMP 320 (3D Systems, Leuven, Belgium) machine [24]. All specimens were tested as-manufactured without any additional post-processing. Three specimens of each design were produced (nine specimens in total).
Each specimen was subjected to a static compression test between two compression plates on a Lloyd LS 5 universal test machine (Amatek, Berwyn, United States) with a 5 kN load cell and at a rate of 2 mm/min up to a force of 4.9 kN. All the cylindrical specimens were tested in the same manner and a video recording was made of the compression test of each specimen type.
The compressive yield strengths was determined from the stress–strain curves of the cylindrical specimens using the 0.2% offset method (ISO 13314–2011) as was done by Huang et al. for porous structures [25]. The stress (σ) was calculated by dividing the applied force by the initial cross-sectional area using the (apparent) full 40 mm diameter. The strain (ε) was defined as the displacement divided by the original sample height per Sect. (27 mm). The elastic moduli were calculated from the stiffest part of the slope of the stress–strain curves in the linear elastic regions of the subsequent parts of the stress–strain curve.

Deformable acetabular implant
Acetabular defects were systematically created into five right-sided biomechanical composite hemipelvis Sawbones (Hemi-Pelvis, 4th Generation, Composite, 10 PCF Solid Foam Core, Large, Sawbones, Limhamn, Sweden). The bone phantoms that were used have been specifically designed to mimic the material properties of native bone, simulating trabecular bone using a foam and a short fibre filled epoxy to simulate cortical bone [26–28]. In all five hemipelves, simplified acetabular defects were created based on the Paprosky acetabular defect classification system [12, 29]. Two types of acetabular defects were created the hemipelves (Fig. 3).[image: ]
Fig. 3The images of the acetabular defects created in the Sawbones hemipelves. a acetabular defect type 1 with an intact medial wall, b acetabular defect type 2, with a protruded medial wall


After defect creation, a clinical computed tomography (CT) scan was made of all hemipelves with a 0.8 mm slice thickness (80 kV, 280mAs, IQon Spectral, Philips, Amsterdam, Netherlands). The DICOM files were imported and segmented in Mimics (version 23.0, Materialise, Leuven, Belgium) to create three-dimensional computer models of the acetabular defects.
Five unique ‘case-specific’ acetabular cups were designed using 3-Matic (Version 15.0, Materialise, Leuven, Belgium) based on their respective 3D models of the Sawbone hemipelves. These cups can be divided into two main types: acetabular cups without flanges (flush) and acetabular triflange cups (Table 1). The triflange cups featured two design concepts: concept 1 features an incorporated oversized deformable titanium layer (Fig. 4a) and concept 2 is an undersized version that requires a separate deformable mesh being placed underneath the cup (Fig. 4b). These generic meshes were designed in SolidWorks (version 2017, Dassault Systems, France). Both concepts were designed to be oversized in direction of insertion in comparison to the existing defect (Fig. 4).Table 1Overview of the acetabular defects with their respective implant design and specifications


	Acetabular cup
	Defect type
	Triflange/ flush
	Deformable Type
	Unit cell size [mm]
	Strut thickness

	1
	Type 1
	Flush
	Incorporated
	4 × 4x4
	0.2

	 	 	 	 	4 × 4x4
	0.5

	2
	Type 2
	Triflange
	Incorporated
	1.5 × 1.5x1.5
	0.5

	Separate mesh
	4 × 4x4
	0.2

	3
	Type 3
	Flush
	Incorporated
	4 × 4x4
	0.2

	 	 	 	 	4 × 4x4
	0.5

	4
	Type 4
	Triflange
	Incorporated
	2.5 × 2.5x2.5
	0.5

	Separate mesh
	4 × 4x4
	0.2

	5
	Type 5
	Triflange
	Incorporated
	4 × 4x4
	0.2

	 	 	 	 	4 × 4x4
	0.5



[image: ]
Fig. 4Schematic representation of the two design concepts. a Concept 1 features a low-porous layer which is 4 mm undersized in the direction of insertion. The highly porous deformable layer is 8 mm oversized in the direction of insertion, resulting in 4 mm oversized implants. b Concept 2 features a low-porous layer which is 6 mm undersized in the direction of insertion. This concept requires a separate deformable mesh with a thickness off 10 mm which also results in 4 mm oversized implants. [image: $$\mathrm{x}$$] = depth of the defect in the direction of implant insertion


The porous layers of the cups are made based on the 4 × 4x4mm BCC porous structures. The porous structures were oriented in the direction of cup insertion, thereby facilitating lateral expansion of the BCC unit cell under compression [30].
The incorporated porous structures of cup 1, 3, and 5 consisted of a low-porous layer with a strut thickness of 0.5 mm, the oversized deformable layer featured a strut thickness of 0.2 mm (Fig. 5a, c and e). Alternatively, cups 2 and 4 undersized incorporated low porous structure with a strut thickness of 0.5 mm (Fig. 5b and d). Two types of meshes were designed for spherical and elongated bony defects. Both highly porous mesh types were produced in three diameters: 53 mm, 63 mm, and 73 mm with a strut thickness of 0.2 mm. (Fig. 5f).[image: ]
Fig. 5CAD models (top) and photographs (bottom) of the manufactured acetabular cups. a implant 1; flush design with incorporated deformable titanium layer. b  implant 2; triflange design which requires a separate deformable titanium mesh. c implant 3; flush design with incorporated deformable titanium layer d implant 4; triflange design which requires a separate deformable titanium mesh e implant 5; triflange design with incorporated deformable titanium layer f circular deformable titanium mesh


As a substitute for clinically used polyethylene liners, polyamide liners were designed to be cemented into the acetabular cups. These liners, with a thickness of 6 mm, accommodated a 28 mm femoral head for cyclic testing.
All implants were produced the same way as the cylindrical specimen. The substitute liners were produced using selective laser sintering (SLS) out of nylon (polyamide 12) (Oceanz, Ede, Netherlands).
The acetabular cups were inserted into their corresponding Sawbones acetabula by two senior orthopaedic surgeons at UMC Utrecht. The acetabular cups with attached deformable layer (1, 3, 5) were inserted directly into their position using an inserter and hammer from a standard hip insertion set (Zimmer Biomet). For the other two cups (2, 4), a separate mesh was selected by the surgeon and pressed into the acetabulum defect before the implant was inserted on top. After insertion of the acetabular implants, the liners were cemented into the cups using a bone cement (Zimmer Biomet Refobacin R®) [31].
The deformation of the deformable layer after insertion was assessed by making a new CT scan and segmenting the deformed acetabular implant from the CT using Mimics. The non-deformable solid flange of the segmented model was registered onto the original computer-aided design (CAD) model using a point-to-point registration method in 3-Matic in order to make a detailed analyses of the deformation of the deformable titanium layer.

Cyclic loading
Cyclic tests were performed on a Lloyd LS 5 universal testing machine (Amatek, Berwyn, United States) to evaluate implant migration caused by cyclic loading. The hemipelves were positioned in an epoxy resin-filled (Polyservice, Amsterdam, Netherlands) negative mould of the pelvis that enabled a femoral head (28 mm) to deliver a cyclic force with a force vector described by Bergmann et al. on the cemented liner of the inserted implants (Fig. 6) [32]. All acetabular cups were tested up to 1000 cycles with a sinusoidal loading between 100 and 1800 N to simulate a gait cycle. A minimum load of 100 N was used to ensure the acetabular head did not lose contact with the liner. A maximum compressive force of 1800 N was selected based on the average peak load of gait for a body weight of 750 N [32]. The crosshead velocity of the machine was kept constant at 60 mm/min.[image: ]
Fig. 6The compression testing machine setup used for the cyclic tests of the acetabular cups with the Sawbone positioned in its mould and the 28 mm femoral head positioned in the substitute liner




Results
Cylindrical samples test
The smaller unit cell size specimens (e.g., 3 × 3 × 3 mm) resulted in a stiffer and stronger structure than those with a larger unit cell size (e.g., 5 × 5 × 5 mm). Three linear elastic sections and three plateau regions (plastic deformation) can clearly be differentiated in the case of the specimens with the 4 × 4 × 4 and 5 × 5 × 5 mm unit cell dimensions (Fig. 7). The stress–strain plot of the 3 × 3 × 3 mm specimens does not show three, but two linear elastic sections as the maximum of the 5 kN could not reach the yield point of the strongest part of this specimen with the 450 microns strut thickness (see Fig. 7a). From the stress–strain plot the apparent values of the compressive yield stress and the Youngs modulus of elasticity can be estimated for each section (Table 2).[image: ]
Fig. 7The stress–strain curves recorded during the compression tests of the cylindrical specimens. a The 3 × 3 × 3 mm samples, b 4 × 4 × 4 mm samples and c 5 × 5 × 5 mm all show multiple plateau regions

Table 2The mechanical and morphological properties of the CAD designs of the cylindrical specimens


	Unit cell size
[mm]
	Strut thickness [mm]
	Porosity
%
	Estimated
Elastic modulus [MPa]
	Compressive yield strength [MPa]
	Strut ratio

	3 × 3 × 3
	0.20
	95.7
	0.224 ± 0.013
	0.499 ± 0.014
	12.990

	3 × 3 × 3
	0.31
	89.6
	0.380 ± 0.037
	2.368 ± 0.090
	8.381

	3 × 3 × 3
	0.45
	78.3
	-
	-
	-

	4 × 4 × 4
	0.20
	97.5
	0.066 ± 0.007
	0.168 ± 0.006
	17.321

	4 × 4 × 4
	0.31
	94.0
	0.145 ± 0.006
	0.857 ± 0.030
	11.175

	4 × 4 × 4
	0.45
	87.6
	0.190 ± 0.017
	2.462 ± 0.043
	7.698

	5 × 5 × 5
	0.20
	99.2
	0.026 ± 0.001
	0.076 ± 0.007
	21.651

	5 × 5 × 5
	0.31
	98.1
	0.039 ± 0.008
	0.383 ± 0.030
	13.968

	5 × 5 × 5
	0.45
	91.9
	0.087 ± 0.012
	1.029 ± 0.021
	9.623




All specimens deformed significantly under compression (Fig. 8). Those with largest unit cell sizes (i.e., 5 × 5 × 5 mm) deformed the most. The height of the 3 × 3 × 3 mm specimens decreased 41.6% on average. For the 4 × 4 × 4 mm and 5 × 5 × 5 mm specimens, the decrease in the height was 71.1% and 79.2%, respectively. The average lateral expansion of the specimens at the fully deformed sections (end point) was 16.8% for the 3 × 3 × 3 mm specimens, 16.8% for the 4 × 4 × 4 mm specimens, and 17% for the 5 × 5 × 5 mm specimens.[image: ]
Fig. 8Compression of the cylindrical samples at different time intervals. Top: 3 × 3 × 3 mm, middle: 4 × 4 × 4 mm and bottom: 5 × 5 × 5 mm. At t5 the maximum compression force of 5 kN is reached for the 4 × 4 × 4 mm and 5 × 5 × 5 mm samples. Note that at t3 a load of 5 kN is reached for the 3 × 3 × 3 mm sample. Video recordings of these tests can be found in the (supplementary data) Additional files 1, 2 and 3.


The yield strength of the porous structure was an exponential function of the ratio of the strut length to the strut thickness (Fig. 9).[image: ]
Fig. 9Strut length/thickness ratio plotted against the yield strength of the corresponding porous structure



Deformable acetabular implant
All five acetabular cups were implanted into their specific Sawbone defects (Table 1). Subjectively none of the surgeons felt that any of the cups required a larger impact force to insert than a regular hemispherical acetabular cup. For the undersized cups, the surgeons decided on a circular 53 mm deformable mesh (implant 2) and an elongated 53 mm mesh (implant 4). After insertion, no step-offs were observed for cups 1 and 3, which were flush with the defect border and no gaps were observed between the bone and the flanges of cups 2,4, and 5. After insertion, 4 out of 5 implants (1, 2, 3, and 5) were firmly in place and not manually removable. However, in the case of implant 4, fixation screws were needed to provide initial implant stability. Additionally, some broken titanium struts were observed as they fell through the defect in the medial wall.
The post-insertion CT model of the acetabular cup was registered on the original design and showed a volumetric reduction of the deformable layer in all three acetabular cups with an attached deformable layer (Fig. 10). All cups decreased in volume after implantation within a range of 2.7 to 7.5% (see Table 3).[image: ]
Fig. 10The rendered images of the CT-CAD registrations. a implant 1, b implant 3, c implant 5. The red part is the segmented cup after insertion, the grey colored part is the original CAD file

Table 3The volumes and volume reductions of the implants before and after insertion of the acetabular cups


	Acetabular cup
	Volume CAD (cm3)
	Volume CT (cm3)
	Volume reduction (cm3)

	1
	61.98
	58.68
	3.3

	3
	65.99
	61.03
	4.97

	5
	85.60
	83.26
	2.35





Cyclic loading
Subsidence of the cups during cyclic loading after implantation was very small and reached on average up to 0.253 ± 0.034 mm, ranging from 0.1781 mm (implant 4) to 0.3793 mm (implant 1). Most of this subsidence (or migration) occurred during the first 1000 cycles of the experiment with a flattened curve approaching 1000 cycles, indicating a fully stabilized implant. A representative plot is presented in Fig. 11 while the other plots can be found in Appendix.[image: ]
Fig. 11The cycles-extension curves for the cyclic test of implant 1. The extension needed to reach 1800 N during the first compression is indicated by the red line. The relaxation to 100N is shown by the blue line




Discussion
From the compression tests, we found very low yield stresses for the porous BCC structures. A compressive yield strength below 0.2 MPa was required to have a material that can be deformed during the surgical procedure. Moreover, the strut length/thickness ratio correlated with the yield strength. A ratio higher than 17 was found to be viable for deformable implants. The most optimal design with a unit cell size of 4 × 4 × 4 mm and a strut thickness of 0.2 mm (Fig. 9) was therefore incorporated into five custom-made acetabular cups. A screwless implant fixation was realized in 4 out of 5 sawbones with acetabular defects. The subsequent 1000 cycles of 1800 N compression onto the implant showed minimal additional implant migration.
The low elastic modulus and large deformation capacity of the BCC unit cell (Fig. 1) found in this study have been described in literature too [33]. The stress strain curves resulting from the compression tests with cylindrical specimens show a linear elastic region and a plateau region as expected. The three porous sections are discernible in the plots of both the 4 × 4 × 4 mm and 5 × 5 × 5 mm unit cell sizes (Fig. 7) as they plastically deform one by one. All the specimens exhibited the same type of stress–strain curve although they represent different stiffnesses and compressive strengths. However, it is apparent from the stress strain curves that the specimens with a higher porosity (thinner strut thicknesses and/or larger unit cell) showed a larger plateau region in the plastic deformation phase (Fig. 7). Elastic moduli and compressive yield strengths as low as 0.026 MPa and 0.076 MPa, respectively, were found in this experiment. It should be noted that the yield stresses can be accurately determined with our specimen, while the elastic moduli is a crude estimation based on the deformation of the entire specimen where the three porous sections are placed in series. Therefore, the elastic moduli in Table 3 represent an upper limit of the true values, as the displacement of the 1/3 region considered is less than the actual deformation used from the specimen as a whole in Fig. 7. Moreover, lateral expansion of the unit cells under uniaxial compression creates lateral friction on the compression plates, resulting in artificial stiffening of the porous structure, which compensated the above estimation. In addition, due to the graded porosity, thinner struts are connected to thicker struts at the transition, limiting lateral expansion of these thinner struts. This as well leads to slightly stiffening of the porous structure.
Usually, the material properties such as the elastic modulus and yield strength purely describe the intrinsic properties of the material and are unrelated to the morphological properties of the specimens. It is important to understand that the material properties described in these experiments describe a different concept when concerning highly porous structures. When referring to highly porous structures, such properties describe the effective macroscopic behaviour of the entire porous structure [34]. In the case of graded designs, such effective properties deviate even further from the mechanical properties of a material, as they are highly dependent on the specifics of the graded design and are by definition dependent on the specimen dimensions. Altogether the elastic moduli should be considered as estimated values as they are not precise values for the above mentioned reasons. In the current work however, we are more interested in the plastic behaviour of the material as these are key in its highly deformable and space filling properties.
The stress–strain curves show some spikes at the most deformed part of the plateau regions. These spikes could indicate the failure of struts, although no loose struts have been observed after compression. This may indicate that struts have fractured at one end only. At that point, the strut will not be bearing mechanical loads anymore and thus further weaken (and deforming) the overall structure. The specimens exhibited a layer-by-layer failure mode, starting from the highly porous top layers. This is consistent with the failure mechanism described in the literature [35, 36]. The manufacturing irregularities caused by the additive manufacturing process significantly affect the mechanical properties of the resulting porous structures [37]. The porous structures showed heterogeneous behaviour while, at the strut level, elevated local strains continue to accumulate at the weakest spots, resulting in strut failure [38].
The deformable titanium layers in the implants were assumed to have deformed during insertion as the oversized implants were flush to the bone without gaps, indicating considerable deformation. This deformation was quantified by measuring the incurred volume reduction using post-insertion CT images. However, this (again) is an approximation as the exact value of the volume reduction is difficult to determine from a CT scan due to beam hardening and the partial volume effects [39].
All implants showed additional subsidence between the first and last compression up to 1800 N of the cyclic tests. In literature this is sometimes described as ‘bedding-in’ (or subsidence or migration) of the implant [40]. We postulate that the implants ‘settle’ during the first cycles in which some extra deformation takes place. The subsidence between the first and last compressions was comparable to the values found in literature [41]. Saffarini et al. have described subsidence values between 0.05 and 0.27 mm for cementless hemispherical cups [41]. Moreover, subsidence curves over time in the study of Saffarini et al. is consistent with the curves obtained during our experiments.
This study also has its limitations. First of all, using as-manufactured implants could have influenced the mechanical properties and strut failure during insertion of the implants. A recommended post-processing step is Hot Isostatic Pressing (HIP) [42]. For pure titanium (Grade 1), HIP treatment may further reduce the yield strength of the bulk material and increase its plastic deformation (ductility) [43]. This will translate to increased deformability and reduce the risk of strut failure in the deformed porous structures.
The second limitation is the use of Sawbones hemipelves. The inner solid foam that represents the trabecular bone is isotropic whereas the trabecular bone found in the human pelvis can be considered as largely transverse isotropic [44]. Furthermore, the yield strength of human pelvic trabecular bone is 3–10 times lower than the yield strength of the solid foam used in the Sawbones pelvises [28]. Also the acetabular defects created in the Sawbones are a simplified representation of the defects found in complex revision arthroplasty, which is a limitation of this study. That said, Sawbones are one of the best ways to evaluate implant designs at the conceptual design stage because their mechanical behaviour is highly reproducible (as opposed to cadaveric specimens), enabling different design concepts to be objectively compared with each other.
Another limitation is the stress–strain plot of the 3 × 3 × 3 mm unit cell size that did not show three, but two linear elastic sections (Fig. 7a). This was likely caused by lack of sufficient deformation in the least porous section (i.e., 0.45 mm strut thickness), which did not deform under a 5 kN load and therefore an elastic modulus and compressive yield strength could not be estimated.
The most optimal unit cell size we considered was 4 × 4 × 4 mm with a 200 microns thick strut thickness, leading to a yield stress of 0.168 MPa that worked well within the simulated clinical setting. However, the implant design is significantly restricted once whole 4 mm unit cells are incorporated into the structure. In order to be able to effectively describe a volume with this ratio with a porous structure, one should ideally work with shorter struts with an even smaller thickness than 200 microns.. However, such thin structures are currently not possible with the most advanced additive manufacturing techniques [45].
Plastically deformable acetabular cups seems a technically viable solution for filling critical sized acetabular defects. The deformable layer will increase the load transfer through the acetabular cavity, as compared to flanges only. According to Wolff’s law, the increased load transfer stimulates bone to grow into the highly porous structure providing a strong secondary fixation and ultimately will preserve the cancellous bone in the deep acetabular zone [16, 17, 46]. In addition, the porous printed structure can be designed using architectures that lead to high expansion in the transverse directions, thereby filling gaps of the bone defects upon insertion. Whether this leads to better clinical outcomes cannot be supported from this proof of concept study and needs to be investigated further.
In conclusion, it is possible to realize primary implant fixation in simulated acetabular revision surgery with bone defects, using acetabular cups with an incorporated deformable titanium scaffold. However, additional research is needed to investigate the effects of the deformable titanium on actual real bone specimen.
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Fig. 12The cycles-extension curves for the cyclic test of implant 2, 3 and 4. The extension needed to reach 1800 N during the first compression is indicated by the red line. The relaxation to 100N is shown by the blue line1




References
	1.
Kurtz S, Ong K, Lau E, Mowat F, Halpern M. Projections of primary and revision hip and knee arthroplasty in the United States from 2005 to 2030. 2007;780–5.

	2.
Sadoghi P, Liebensteiner M, Agreiter M, Leithner A, Böhler N, Labek G. Revision surgery after total joint arthroplasty: a complication-based analysis using worldwide arthroplasty registers. J Arthroplasty. 2013;28(8):1329–32.CrossrefPubMed

	3.
Morsi E, Orth MS. Total hip arthroplasty with shelf grafts using uncemented cups a long-term follow-up study. 1996;11(1):81–5.

	4.
Hooten JP, Engh CA, Heekin RD, Vinh TN. Structural bulk allografts in acetabular reconstruction: analysis of two grafts retrieved at post-mortem. J Bone Joint Surg B. 1996;78(2):270–5.Crossref

	5.
Brown NM, Morrison J, Sporer SM, Paprosky WG. The use of structural distal femoral allograft for acetabular reconstruction of Paprosky Type IIIA defects at a mean 21 years of follow-up. J Arthroplasty. 2016;31(3):680–3.CrossrefPubMed

	6.
Carroll FA, Kerry RM, Stockley I, Hoad-Reddick DA, Kerry RM, Stockley I. The survival of support rings in complex acetabular revision surgery. J Bone Joint Surg B. 2008;90(5):574–8.Crossref

	7.
Babis GC, Sakellariou VI, Chatziantoniou AN, Soucacos PN, Megas P. High complication rate in reconstruction of Paprosky type IIIa acetabular defects using an oblong implant with modular side plates and a hook. J Bone Joint Surg B. 2011;93 B(12):1592–6.

	8.
Gaiani L, Bertelli R, Palmonari M, Vicenzi G. Total hip arthroplasty revision in elderly people with cement and Burch-Schneider anti-protrusio cage. Chir Organi Mov. 2009;93(1):15–9.PubMed

	9.
Borland WS, Bhattacharya R, Holland JP, Brewster NT. Use of porous trabecular metal augments with impaction bone grafting in management of acetabular bone loss. Acta Orthop. 2012;83(4):347–52.CrossrefPubMedPubMedCentral

	10.
Baauw M, Van Hooff ML, Spruit M. Current construct options for revision of large acetabular defects: a systematic review. JBJS Rev. 2016;4(11): e2.

	11.
Baauw M, Van Hellemondt GG, Spruit M. A custom-made acetabular implant for paprosky type 3 defects. Orthopedics. 2017;40(1):e195–8.CrossrefPubMed

	12.
Paprosky WG, Perona PG, Lawrence JM. Acetabular defect classification and surgical reconstruction in revision arthroplasty. A 6-year follow-up evaluation. J Arthroplasty. 1994;9(1):33–44.

	13.
Scharff-Baauw M, van Hooff ML, van Hellemondt GG, Jutte PC, Bulstra SK, Spruit M. Good results at 2-year follow-up of a custom-made triflange acetabular component for large acetabular defects and pelvic discontinuity: a prospective case series of 50 hips. Acta Orthop. 2021;92(3):297–303.CrossrefPubMedPubMedCentral

	14.
Jones CW, Choi DS, Sun P, Chiu YF, Lipman JD, Lyman S, et al. Clinical and design factors influence the survivorship of custom flange acetabular components. Bone Joint J. 2019;101(6_Supple_B):68–76.

	15.
Sumner DR. Long-term implant fixation and stress-shielding in total hip replacement. J Biomech. 2015;48(5):797–800.CrossrefPubMed

	16.
Huiskes R, Weinans H, Van Rietbergen B. The relationship between stress shielding and bone resorption around total hip stems and the effects of flexible materials. Clin Orthop Relat Res. 1992;274:124–34.Crossref

	17.
Huiskes R, Rulmerman R, Van Lenthe GH, Janssen JD. Effects of mechanical forces on maintenance and adaptation of form in trabecular bone. Nature. 2000;405(6787):704–6.CrossrefPubMed

	18.
Currey JD. The Mechanical Adaptations of Bones. United States: Princeton university press; 1984. https://​press.​princeton.​edu/​books/​hardcover/​9780691640105/​the-mechanical-adaptations-of-bones.

	19.
Turner CH, Pavalko FM. Mechanotransduction and functional response of the skeleton to physical stress: The mechanisms and mechanics of bone adaptation. J Orthop Sci. 1998;3(6):346–55.CrossrefPubMed

	20.
Zadpoor AA, Malda J. Additive Manufacturing of Biomaterials, Tissues, and Organs. Ann Biomed Eng. 2017;45(1):1–11.CrossrefPubMed

	21.
Wauthle R, Ahmadi SM, Amin Yavari S, Mulier M, Zadpoor AA, Weinans H, et al. Revival of pure titanium for dynamically loaded porous implants using additive manufacturing. Mater Sci Eng, C. 2015;54:94–100.Crossref

	22.
Kolken HMA, Jonge CP de, Sloten T van der, Garcia AF, Pouran B, Weinans HH, et al. Additively manufactured space-filling meta-implants. (conditionally accepted) Acta Biomaterialia. 2020;

	23.
Tao W, Leu MC. Design of lattice structure for additive manufacturing. International Symposium on Flexible Automation, ISFA. 2016;2016(2016):325–32.

	24.
3D SYSTEMS. Metal Additive Manufacturing with the ProX ® DMP 3D printers METAL ALLOYS FOR THE PROX ® DMP 100 , 200 , 300. 2018;3–6.

	25.
Huang Y, Xue Y, Wang X, Han F. Mechanical behavior of three-dimensional pyramidal aluminum lattice materials. Mater Sci Eng, A. 2017;696(April):520–8.Crossref

	26.
Chong ACM, Miller F, Buxton M, Friis EA. Fracture toughness and fatigue crack propagation rate of short fiber reinforced epoxy composites for analogue cortical bone. J Biomech Eng. 2007;129(4):487–93.CrossrefPubMed

	27.
Szivek JA, Thomas M, Benjamin JB. Characterization of a synthetic foam as a model for human cancellous bone. J Appl Biomater. 1993;4(3):269–72.CrossrefPubMed

	28.
Sawbones. TEST MATERIALS AND COMPOSITE BONES composite bones for test and.

	29.
Zimmer. Zimmer® Trabecular MetalTM Acetabular Revision System. 2010;

	30.
Li X, Fan Z, Fan R, Lu Y. Two-dimensional mechanical metamaterials with bending-induced expansion behavior. Appl Phys Lett. 2020;117(1): 011904.Crossref

	31.
Zimmer Biomet. Biomet Bone Cement R. Zimmer Biomet. 2017;1–4.

	32.
Bergmann G, Graichen F, Rohlmann A, Bender A, Heinlein B, Duda GN, et al. Realistic loads for testing hip implants. Biomed Mater Eng. 2010;20(2):65–75.PubMed

	33.
Mazur M, Leary M, Sun S, Vcelka M, Shidid D, Brandt M. Deformation and failure behaviour of Ti-6Al-4V lattice structures manufactured by selective laser melting (SLM). Int J Adv Manuf Technol. 2016;84(5–8):1391–411.

	34.
Zadpoor AA. Mechanical performance of additively manufactured meta-biomaterials. Acta Biomater. 2019;85:41–59.CrossrefPubMed

	35.
Liu L, Kamm P, García-Moreno F, Banhart J, Pasini D. Elastic and failure response of imperfect three-dimensional metallic lattices: the role of geometric defects induced by Selective Laser Melting. J Mech Phys Solids. 2017;107:160–84.Crossref

	36.
Kadkhodapour J, Montazerian H, Darabi AC, Anaraki AP, Ahmadi SM, Zadpoor AA, et al. Failure mechanisms of additively manufactured porous biomaterials: effects of porosity and type of unit cell. J Mech Behav Biomed Mater. 2015;50:180–91.

	37.
Campoli G, Borleffs MS, Amin Yavari S, Wauthle R, Weinans H, Zadpoor AA. Mechanical properties of open-cell metallic biomaterials manufactured using additive manufacturing. Mater Des. 2013;49:957–65.Crossref

	38.
Genovese K, Leeflang S, Zadpoor AA. Microscopic full-field three-dimensional strain measurement during the mechanical testing of additively manufactured porous biomaterials. J Mech Behav Biomed Mater. 2016;2017(69):327–41.

	39.
Park HS, Chung YE, Seo JK. Computed tomographic beam-hardening artefacts: mathematical characterization and analysis. Philos Trans  A Math Phys Eng Sci. 2015;373(2043):20140388.

	40.
Christi, J., Sychterz, M.S.E., Anderson, C., Anthony Yang, B.S. and Charles A. Analysis of temporal wear patterns of porous-coated acetabular components: distinguishing between true wear and so-called bedding-in. J Bone Joint Surg Am. 1999;81(6):821.

	41.
Saffarini M, Gregory T, Vandenbussche E. Quantification of clearance and creep in acetabular wear measurements. Ann Transl Med. 2016;4(7):1–8.Crossref

	42.
Atkinson HV, Davies S. Fundamental aspects of hot isostatic pressing: an overview. Metall Mater Trans A Phys Metall Mater Sci. 2000;31(12):2981–3000.

	43.
Gr LT. LaserForm Ti Gr1 ( A ) LaserForm ® Ti Gr1 ( A ). 1:5–6.

	44.
Dalstra M, Huiskes R, Odgaard A, van Erning L. Mechanical and textural properties of pelvic trabecular bone. J Biomech. 1993;26(4–5):523–35.CrossrefPubMed

	45.
Van Bael S, Kerckhofs G, Moesen M, Pyka G, Schrooten J, Kruth JP. Micro-CT-based improvement of geometrical and mechanical controllability of selective laser melted Ti6Al4V porous structures. Mater Sci Eng, A. 2011;528(24):7423–31.Crossref

	46.
Prendergast PJ, Huiskes R. The Biomechanics of Wolff ’ s Law : Recent Advances. :9–11.



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


OEBPS/navigation.xhtml

    
      Contents


      
        		Deformable titanium for acetabular revision surgery: a proof of concept


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/41205_2023_177_Fig2_HTML.png
[0.20mm] 2 97.5% [0.20mm] X 99.2% [0.20mm

XX

VoY% %%

5%
4’
%

o

X5
I.g
%

0XXX
2

%5

o%%

e
2
o,

:0
QO
totoretets
L
555
XK
.‘
5
.0

e
o,

5
X
%
O
3
0‘0
O.‘
X
o
o
K
QR

2R
%
%
et
%
%
&%
ot
5%
%%

et
X

et
%
ous,
&5
XX
%

%
Sods
0K
005

2o

a2
2
SRR
3009
3K
3

&
&

25
0

2>

6%

e

&
IXRRHK

s
XK

K
3XKS

&
Pebe’s






OEBPS/images/41205_2023_177_Fig6_HTML.png





OEBPS/images/41205_2023_177_Fig12_HTML.png
Machine extension [mm]

Machine extension [mm]

Implant 2

4
—— Maxima (1800N)
3 —— Minima (100N)
2
1
0
04— T \
0 500 1000
Cycles
Implant 4
4 .
— Maxima (1800N)
3 — Minima (100N)
2
1
04+ | .
0 500 1000

Machine extension [mm]

Machine extension [mm]

Implant 3
4
— Maxima (1800N)
3 — Minima (100N)
2
1
0+ ————————— .
0 500 1000
Cycles
Implant 5
4 .
—— Maxima (1800N)
3 — Minima (100N)
2
1
0T —————r— .
0 500 1000
Cycles





OEBPS/images/41205_2023_177_Fig3_HTML.png





OEBPS/images/41205_2023_177_Fig8_HTML.png





OEBPS/images/41205_2023_177_Fig5_HTML.png





OEBPS/images/41205_2023_177_Fig10_HTML.png





OEBPS/images/41205_2023_177_Fig11_HTML.png
Machine extension [mm]

E

w

N

-

Implant 1

— Maxima (1800N)
— Minima (100N)





OEBPS/images/41205_2023_177_Fig4_HTML.png
x—4mm

10 mm

y






OEBPS/images/41205_2023_177_Fig7_HTML.png
3x3x3mm unit cell cylinders

5
— Sample 1
— Sample 2
4= — Sample 3
S 34
=
0
3
S 2+
n
1=
—r——rr-r-r-r-rTTr-rrrrr e T T T T T T T T T T
0 10 20 30 40 50 60 70 80 20
Strain [%]
(a)
4x4x4mm unit cell cylinders
5
— Sample 1
— Sample 2
4 — Sample 3
& 34
=
']
3
5 2+
n
1=
—r——rr-r-rr-rTTrrrr | T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Strain [%]
unit cell cylinders
5m
— Sample 1
— Sample 2
4= — Sample 3
g 34
=
=
»
3
S 2+
n
1=
T T T T T T T T 1
0 10 20 30 40 50 60 70 80 0

Strain [%]

(c)





OEBPS/images/41205_2023_177_Fig1_HTML.png





OEBPS/css/envelope.png





OEBPS/images/41205_2023_177_Article_TeX_IEq1.png





OEBPS/images/41205_2023_177_Fig9_HTML.png
Yield strength [MPa]

R?=0,9619

T T T T 1
5 10 15 20 25

Strut length/thickness ratio





OEBPS/css/sidebar.gif





