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Introduction: Three-dimensional (3D)-printed custom pelvic implants have become a clinically viable option for patients undergoing pelvic cancer surgery with resection of the hip joint. However, increased clinical utilization has also necessitated improved implant durability, especially with regard to the compression screws used to secure the implant to remaining pelvic bone. This study evaluated six different finite element (FE) screw modeling methods for predicting compression screw pullout and fatigue failure in a custom pelvic implant secured to bone using nine compression screws.
Methods: Three modeling methods (tied constraints (TIE), bolt load with constant force (BL-CF), and bolt load with constant length (BL-CL)) generated screw axial forces using functionality built into Abaqus FE software; while the remaining three modeling methods (isotropic pseudo-thermal field (ISO), orthotropic pseudo-thermal field (ORT), and equal-and-opposite force field (FOR)) generated screw axial forces using iterative physics-based relationships that can be implemented in any FE software. The ability of all six modeling methods to match specified screw pretension forces and predict screw pullout and fatigue failure was evaluated using an FE model of a custom pelvic implant with total hip replacement. The applied hip contact forces in the FE model were estimated at two locations in a gait cycle. For each of the nine screws in the custom implant FE model, likelihood of screw pullout failure was predicted using maximum screw axial force, while likelihood of screw fatigue failure was predicted using maximum von Mises stress.
Results: The three iterative physics-based modeling methods and the non-iterative Abaqus BL-CL method produced nearly identical predictions for likelihood of screw pullout and fatigue failure, while the other two built-in Abaqus modeling methods yielded vastly different predictions. However, the Abaqus BL-CL method required the least computation time, largely because an iterative process was not needed to induce specified screw pretension forces. Of the three iterative methods, FOR required the fewest iterations and thus the least computation time.
Discussion: These findings suggest that the BL-CL screw modeling method is the best option when Abaqus is used for predicting screw pullout and fatigue failure in custom pelvis prostheses, while the iterative physics-based FOR method is the best option if FE software other than Abaqus is used.
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1 INTRODUCTION
Pelvic sarcoma is a malignant tumor that affects the bones and muscles of the pelvis. Its treatment typically involves complete surgical resection of the tumor, which often leaves a sizeable bone defect in the pelvis. In some cases, surgeons use a three-dimensional (3D)-printed custom pelvic implant to reconstruct the pelvic bony anatomy. The custom implant is typically designed to fill the hole left by the resected tumor using a shape mirrored from the healthy contralateral pelvis, as determined from the patient’s pre-surgery imaging data. This design approach allows surgeons to match the desired surgical resection planes precisely and recreate the original complex bony geometry of the pelvis. Compared to tumor resection without custom implant reconstruction, use of 3D-printed custom pelvic implants reduces post-operative recovery time and produces more normal post-operative walking function (Liang et al., 2017; Vega et al., 2022). These promising outcomes, coupled with the ease of custom implant design and fabrication, have led to the growing use of these implants in recent years (Liang et al., 2017; Angelini et al., 2019; Chen et al., 2020; Wang et al., 2022; Xu et al., 2022).
With the increased clinical use of custom pelvic implants has come an increased emphasis on evaluating and improving their durability. While the reliability of custom pelvic implants has improved over time (Ji and Guo, 2019), recent studies have reported a significant number of screw mechanical failures, such as loosening due to pullout failure (Ozaki et al., 2002; Sun et al., 2011; Broekhuis et al., 2022; Zhu et al., 2023) and breakage due to fatigue failure (Ozaki et al., 2002; Shao et al., 2015; Ji et al., 2020; Zhu et al., 2023). The high occurrences of screw failures may be attributable to insufficient engineering evaluation in the typical design process of custom pelvic implants. Currently, the typical design process begins with using the patient’s imaging data to create a surgical resection plan that removes the tumor with clear margins. Thereafter, a custom implant design is developed that recapitulates the resected bony anatomy by mirroring the contralesional pelvis with the surgical resection planes. Lastly, the locations and trajectories of multiple fixation screws are specified to secure the custom implant to the pelvis, and the corresponding screw holes are added to finalize the custom implant design. In this design process, the operating surgeon must make important custom implant design decisions based on subjective clinical judgment. Especially when the underlying biomechanical relationships are not well understood, the surgeon may need to explore new design concepts by following a trial-and-error process. For example, in an effort to improve fixation stability, Ji et al. (2020) experimented with using different orientations for the main fixation screws on custom implant designs over a 3-year period (Ji et al., 2020), while Wang et al. (2019) explored various screw layouts and fixation techniques on a series of implant designs (Wang et al., 2019). While both studies reported satisfactory early outcomes, limited biomechanical analyses were performed to evaluate these new fixation strategies, making it difficult to identify generalized design principles that reduce the incidence of screw mechanical failures. Ideally, engineering evaluation would be incorporated into the design process to assess fixation durability proactively before clinical failures occur.
Recent studies have begun to explore the use of finite element (FE) modeling methods to improve the durability of fixation screws used in custom pelvic implants (Zhou et al., 2013; 2022; Wang et al., 2015; Iqbal et al., 2017; Dong et al., 2018; 2019; Park et al., 2019; Maslov et al., 2021; Guo et al., 2023; Soloviev et al., 2023; Zhu et al., 2023). Maslov et al. (2021) demonstrated that the magnitude of screw pretension forces used in a pelvic FE model can alter the simulated stress distribution experienced by the custom implant and the remaining pelvic bone (Maslov et al., 2021). The study further concluded that fixation screws should be tightened enough to encourage bone regeneration but not excessively to cause local bone destruction. Zhu et al. (2023) used a post-operative hemipelvis FE model to demonstrate that different ways of modeling bone-implant interaction, indicative of different stages of osseointegration, can have a substantial effect on predicted fixation durability of locking screws (Zhu et al., 2023). The study concluded that osseointegration is important for the stability of the reconstructed pelvis. Both studies highlighted how different FE modeling decisions can have a large effect on predicted screw durability. When making modeling decisions, it is critical that relevant physiological relationships are represented within the model assembly to maximize the fidelity of the simulation results.
One aspect that has often been overlooked in post-surgery pelvic FE models is the technique for modeling screw fixation. Implant fixation screws can be generally categorized into two groups: locking screws and compression screws. Locking screws use a threaded head and a matching threaded screw hole. As the screw is tightened, the screw head becomes “locked” to the threaded screw hole and is hard to separate from the implant. In contrast, compression screws use a conventional non-locking screw to compress the implant against the bone. Unlike locking screws, compression screws remain in contact with the implant through a pretension force within the screw core converted from the torque applied to tighten the screw. Many FE studies of custom pelvic implants have used tie constraints between the screw head and the implant, bonding the two components together (Iqbal et al., 2017; Dong et al., 2018; Park et al., 2019; Zhou et al., 2022; Guo et al., 2023; Zhu et al., 2023). However, this screw modeling method is not appropriate for compression screws, where the screw head is simply compressing the implant. When modeling a compression screw, over-constraining the model by tying the screw head and implant together might lead implant designers to reach incorrect conclusions about fixation durability. A method for modeling compression screws is crucial for accurately evaluating the fixation durability of custom implants that are secured using such screws.
In the available literature, various studies have proposed different screw models where a pretension step is implemented before the simulation step to model compression screws. In the first step (i.e., pretension step), a pretension force is realized within the screw core to compress the screw against the implant without the application of any external loads, resembling the tightening of the screw. In the second step (i.e., simulation step), the external loads are applied to the FE model to simulate the stress distribution within the screw or its surrounding structures. Different screw modeling methods differ in how the pretension force is realized in the pretension step. Some recent pelvic FE studies used an Abaqus built-in loading method called “bolt load” to realize the pretension force in each compression screw (Dong et al., 2018; Maslov et al., 2021; Soloviev et al., 2023). However, little information is available to understand the theory behind the built-in bolt load method. Other studies utilized physics-based methods to realize the pretension force. Alkan et al. (2004) imposed a pseudo thermal field to the unthreaded shank of the screw in a dental implant system, thereby producing a pseudo temperature change that in turn produced a thermal contraction, creating a pretension force within the screw that compressed two dental implant components together (Alkan et al., 2004). However, this screw model had not been implemented to analyze custom pelvic implants utilizing multiple fixation screws. Alternatively, when simulating a bolted joint, Balaji et al. (2020) used a set of two equal and opposite compressive forces along the axial direction of a bolt to realize the pretension force (Balaji et al., 2020). The compressive forces were applied to the contacting surfaces of the bolt and the nut, respectively, and the contacting surfaces are constrained to relative movements only in the axial direction. However, this method has not been adapted to model compression screws, nor has it been investigated for analysis of custom pelvic implants. While these screw modeling methods appear promising for simulating compression screws in a post-surgery pelvis FE model, it is unknown how they compare when used to assess pullout and fatigue failure of compression screws used for pelvic reconstruction. To the authors’ knowledge, no study has surveyed and compared the potential methods of modeling compression screws in a pelvis FE model, and consequently, the most appropriate method for modeling compression screws when analyzing fixation durability has yet to be determined.
This study investigated how different FE methods for modeling compression screw fixation in a custom pelvic implant affected predictions of screw pullout and fatigue failures under gait loading conditions. An FE model was constructed of the bone-implant-screw system for a specific pelvic sarcoma patient using a combination of walking, imaging, and custom implant geometry data collected from the patient. Six distinct compression screw modeling methods were implemented in the FE model, and pullout and fatigue failure predictions produced by each method were compared. The study demonstrates the importance of selecting a physiological screw model and identifies reliable compression screw modeling methods that could be used in future fixation durability analyses of custom pelvic implants.
2 MATERIALS AND METHODS
2.1 Experimental data collection
Surgical plan, custom pelvic implant, pre- and post-surgery computed tomography (CT), and walking data were collected from a 46-year-old male subject (height: 1.73 m, weight: 85 kg) diagnosed with a pelvic sarcoma in the acetabular region of the right hemipelvis. The subject underwent Enneking Type-II resection followed by endo-prosthetic reconstruction using a commercial custom pelvic implant (Onkos Surgical, United States) with total hip replacement. Pelvic tumor resection and subsequent pelvic reconstruction were performed during a single surgical session at MD Anderson Cancer Center in Houston, TX. Institutional review board (IRB) approvals were obtained from the University of Texas Health Science Center, MD Anderson Cancer Center, and Rice University for collection and analysis of walking, imaging, surgical, and custom pelvic prosthesis data, and subject provided written informed consent for all collected data.
After multi-planar pelvic bone resection was planned to remove the tumor with clear margins, the subject’s custom pelvic implant was designed to recapitulate the anatomical shape of his contralesional hemipelvis. The implant was made of 3D-printed biomedical-grade titanium alloy Ti-6Al-4V (Ti64) and secured to remaining bone through nine commercially available Ti64 compression screws (inner diameter: 3.0 mm, outer diameter: 6.5 mm, pitch: 2.75 mm; MicroPort Orthopedics, United States). The location and trajectory of the screws were planned by the operating surgeon and incorporated into the subject’s custom pelvic implant design. Three cancellous bone screws were inserted through the implant’s acetabular cup – two into the ilium and one into the superior pubic ramus, while six bi-cortical screws were inserted through two extracortical flanges into the ilium – four through the anterior flange and two through the posterior flange (Figure 1A).
[image: Figure 1]FIGURE 1 | Post-operative geometric model of the ipsilesional hemipelvis with custom pelvic implant. (A) The layout of the nine screws used to fix the implant to the remaining bone. Three screws were “cancellous” screws, which were inserted from the acetabular cup of the implant into the cancellous region of the remaining ilium bone. The remaining six screws were “cortical” screws, which were inserted medially through the implant extracortical flanges and drilled through two cortical layers with a layer of trabecular bone between them. (B) The post-operative FE model of the ipsilesional hemipelvis with custom pelvic implant.
Prior to surgery and following plateau in recovery after surgery, the subject participated in an experimental walking data collection session at the University of Texas Health Science Center. During each session, the subject completed a static standing trial and a treadmill walking trial at his self-selected speed (1.0 m/s before surgery and 0.5 m/s after surgery). Experimental data collected during these trials included full-body retroreflective marker motion data from a video motion capture system (Qualisys AB, Gothenburg, Sweden), ground reaction data from a split-belt instrumented treadmill with belts tied (Bertec Corporation, Columbus, OH, United States), and wireless electromyography (EMG) data from 16 muscles per leg (Cometa, Bareggio, Italy). These data were used to construct a post-operative musculoskeletal model of the subject (see Section 2.2 below), which in turn was used to estimate the subject’s post-operative ipsilesional hip joint contact forces during gait. These contact forces were incorporated into subsequent FE analyses that evaluated custom pelvic implant screw durability using different FE modeling methods (see Section 2.3 below).
2.2 Personalized musculoskeletal model
Post-surgery hip joint contact forces during gait were estimated using a personalized musculoskeletal model of the subject. All musculoskeletal modeling work was performed using the OpenSim musculoskeletal modeling software (Delp et al., 2007; Seth et al., 2018) and a published generic OpenSim walking model (Rajagopal et al., 2016). In a previous study, this generic model was transformed into a pre-surgery personalized model of the same subject as in the present study using the subject’s pre-surgery walking and CT scan data (Li et al., 2022). The transformation process involved model scaling, replacing the scaled generic pelvis with the subject’s personalized pelvis geometry, and personalizing the optimal muscle fiber length and tendon slack length values of the model’s Hill-type lower limb muscle-tendon actuators using an EMG-driven modeling method (Ao et al., 2022; Li et al., 2022; 2024). For the present study, the subject’s pre-surgery personalized model was transformed into a post-surgery personalized model using the subject’s post-surgery walking data, custom pelvic implant geometry obtained from the manufacturer, and recorded surgical decisions (Figure 2). The transformation process involved incorporating the subject’s custom pelvic implant geometry into his pre-surgery personalized pelvis geometry, removing the same muscles from the operated side of the model as were removed during surgery, and adjusting the location of the hip joint center on the operated side by a small amount to be consistent with custom implant.
[image: Figure 2]FIGURE 2 | Post-operative personalized OpenSim musculoskeletal model built using the subject’s reconstructed pelvis geometry with surgically resected muscles removed. This model was used to calculate post-surgery hip joint contact forces during a typical gait cycle performed by the subject.
Using this post-surgery personalized OpenSim model and data from one representative post-surgery walking cycle, we performed a sequence of four standard OpenSim analyses to estimate hip joint contact forces on the operated side over one gait cycle. First, an Inverse Kinematics analysis was performed to calculate lower limb joint motions. Second, an Inverse Dynamics analysis was performed to calculate the associated lower limb joint moments. Third, a Static Optimization that minimized the sum of squares of muscle activations was performed to estimate leg muscle forces. Fourth, a Joint Reaction Analysis was performed to estimate ipsilesional hip joint contact forces produced by the estimated hip muscle forces. Two peaks of the predicted ipsilesional hip joint contact force, named Gait 1 (corresponding to foot-flat) and Gait 2 (corresponding to heel-off), were selected as the two load cases to be used in the subsequent FE analyses (Figure 3).
[image: Figure 3]FIGURE 3 | Visual depiction of the two load cases used in the finite element simulations. The locations of the first and third peaks in estimated hip joint contact force, corresponding to foot-flat (named Gait 1) and heel-off (names Gait 2), were selected for analysis. 0% of the gait cycle corresponds to heel-strike of the ipsilesional foot. The X, Y, and Z components of each load case are presented in the pelvic coordinate system, where X, Y, and Z represent anterior-posterior, superior-inferior, and medial-lateral directions, respectively.
2.3 Pelvis-implant geometric model
Pre-surgery and post-surgery CT scan data of the subject’s pelvis were used to construct a geometric model of the subject’s post-surgery ipsilesional hemipelvis implant-bone assembly for use in FE simulations. This geometric model was created by combining a pre-surgery geometric model of the subject’s remaining pelvic bony anatomy with a simplified geometric model of the subject’s custom implant. Pre-surgery CT images of the subject’s pelvis were taken using a slice thickness of 0.625 mm with an in-plane pixel size of 0.78125 mm (GoldSeal Discovery CT750 HD, GE Healthcare, Chicago, IL, USA). These images were segmented using ITK-SNAP (Yushkevich and Gerig, 2017) to extract tessellated surfaces representing cortical and trabecular bone geometry. Next, the tessellated surfaces were converted into NURBS surfaces using Geomagic Wrap software (3D Systems Corporation, Rock Hill, SC, USA). The geometric model of the subject’s custom pelvic implant obtained from the manufacturer was then overlaid onto the pre-surgery cortical bone surface geometry through best-fit alignment to locate key surgical features. The surgical cutting planes in the pelvis geometric model were found by fitting planes to cut surfaces in the implant geometric model, while the locations and trajectories of the fixation screws in the pelvis geometric model were found by fitting cylinders to the screw holes in the implant geometric model. A virtual surgery was then performed in SolidWorks (Dassault Systèmes, Santa Clara, CA, USA) to dissect the pre-surgery ipsilesional pelvis geometry using these key surgical features, producing a final pelvis CAD model possessing the same bone cuts as were performed surgically.
A simplified implant CAD model that mimicked the shape of the subject’s custom pelvic implant was created to eliminate the influence of unimportant surface details on the subsequent FE analyses and increase the overall efficiency of the simulations. This simplified implant CAD model preserved engineering features of the subject’s custom pelvic implant, such as cortical flanges, screw holes, and a similarly sized and oriented acetabular cup. However, the surface of the simplified implant CAD model was created by smoothing the bone geometry mirrored from the contralesional hemipelvis.
CAD models of the compression screws were also created. The screws were modeled as 3.0 mm wide cylinders with a 2.5-mm long and 4.9-mm wide shank and an 8.0-mm wide head, based on measurements of a similar screw made by the same screw manufacturer (Figures 4A, B). The length of each screw was obtained from surgical notes, which were referenced for making the screw geometries.
[image: Figure 4]FIGURE 4 | A sample screw similar to the screws used in the present study. (A) Image of a cancellous bone screw with the same dimensional characteristics (except for length) as the screws used in the present study. The length of the screws used in our study ranged from 15 to 80 mm. (B) The screw geometry used for FE modeling. The threaded part of the screw was simplified to a cylindrical screw core without the screw threads. (C) Illustration explaining key elements of the screw core. Regardless of the screw length, the 0% relative location on the screw core corresponded to the junction of the screw shank and core, while the 100% relative location on the screw core corresponded to the screw tip. In all figures shown in this study, the light gray shaded zone indicates the portion of the screw core where the screw was only partially embedded in bone, while the darker gray shaded zone indicates the portion on the screw core where the screw was fully embedded in the bone. The free zone indicates the portion of the screw from the beginning of the screw core to where the screw became partially embedded in bone. The axial force within the free zone was evaluated at the end of the free zone.
2.4 Pelvis-implant finite element model
An FE model of the ipsilesional hemipelvis with custom implant was built in Abaqus (Dassault Systèmes, Santa Clara, CA, USA) to simulate post-surgery implant stresses using the bone, implant, and screw CAD models described above. The FE model consisted of the implant, nine screws, the remaining iliac and ischium bone, a sphere representing the femoral head of the subject’s total hip replacement, and an intermediate liner between the acetabular cup and the femoral head (Figure 1B). The model was meshed with 10-node quadratic tetrahedral elements (C3D10; average element size: 1.73 mm), and the FE mesh contained 668,465 elements with approximately 2.9 million degrees of freedom.
Elastic material properties such as Young’s Modulus and Poisson’s Ratio were determined for all components of the FE model. Each component was assigned homogeneous material properties based on values reported in the literature with the exception of trabecular bone components (Table 1). The material properties of the trabecular bone components were heterogeneous, where Young’s modulus at each trabecular node was extracted from the subject’s pre-surgery CT imaging data. Due to the lack of a calibration phantom, we calibrated voxel-specific intensity values ([image: image]) from the CT images using the air-fat-muscle calibration method (Eggermont et al., 2019; Babazadeh Naseri et al., 2021) and converted to equivalent bone mineral density ([image: image]) using [image: image] (Anderson et al., 2005). The estimated [image: image] was then converted to bone apparent density values ([image: image]) and elastic modulus ([image: image]) using the empirical relations shown in Equations 1, 2 (Anderson et al., 2005):
[image: image]
[image: image]
TABLE 1 | Elastic properties of FE model components.
[image: Table 1]Voxel-specific elastic modulus values were mapped to each FE node within the trabecular bone using a nearest neighbor approximation.
Physiological hip joint contact force and boundary conditions were imposed to simulate the interactions between the hemipelvis and its surrounding anatomical structures. Gait 1 and Gait 2, the two selected peaks of the post-surgery hip joint contact force, were applied as a concentrated force at the center of the femoral head. The FE model was constrained by three sets of springs as boundary conditions to represent the joints and ligaments that remained connected to the operated hemipelvis. Two sets of linear springs were defined at the sacroiliac and pubic joint surfaces to simulate the stiffness of the ligaments and cartilage at these joints. The total spring stiffness in the normal direction was 103.09 kN/mm at the sacroiliac joint and 4.24 kN/mm at the pubic joint (Li et al., 2006; Phillips et al., 2007; Hao et al., 2011; Watson et al., 2017; Dong et al., 2019). The spring stiffness in the tangential direction was set to 10% of that in the normal direction. A set of nonlinear springs was defined at the medial margin of the ischial tuberosity to represent the sacrotuberous ligament. These springs were restricted to only compress in the direction of the ligament with a total spring stiffness of 1.5 kN/mm (Phillips et al., 2007; Hao et al., 2011; Dong et al., 2019).
Two modeling approaches were used to describe the interactions between different FE model components. The first approach was a contact model that was assumed to be “hard” in the normal direction and frictionless in the tangential direction. This approach was implemented between the implant and cut bone surfaces, which were free to come into contact with or separate from each other. The second approach was a tied constraint where the constrained surfaces were bonded together without separation. This approach was implemented between the femoral head and liner of the total hip replacement and between the liner and the custom implant acetabular cup.
Several important concepts must be explained briefly to facilitate the subsequent description of the six different screw modeling methods. “Free zone” of a screw refers to the section of the screw core that does not contact bone, located right before the screw begins to enter the bone (Figure 4C). The axial force within the free zone of each screw was evaluated at the end of the free zone, away from the screw shank. “Pretension step” refers to the first step of a two-step FE simulation. The goal of the pretension step is to preload the screws such that the axial forces within the screw free zones closely match their corresponding desired pretension forces at the end of the step. The process of inferring the magnitude of the desired pretension forces for the screws is described in detail following the description of the various screw modeling methods. During the pretension step, no external forces were applied so that the step resembled tightening of the screws. “Simulation step” refers to the second step of the two-step FE simulation. During the simulation step, external loads are applied to the FE model to simulate the stress distribution within the screw or its surrounding structures. Specifically, hip joint contact forces were applied during the simulation step.
Six distinct FE screw modeling methods were implemented and evaluated for fixation durability analysis (Figure 5). The six screw modeling methods differed in various aspects. The first screw modeling method, named “TIE”, differed from the remaining five screw modeling methods in two major aspects (Table 2). First, the TIE modeling method used Abaqus built-in functionality to define tied constraints between the screws and all neighboring components (i.e., cut bone surfaces and the implant). In contrast, the five remaining screw modeling methods used contact models between screw heads and corresponding screw holes in the implant and tied constraints only between the screws and cut bone surfaces. Second, the TIE modeling method did not preload the screws to estimate the stress distributions within the fixation screws and hence did not require a pretension step before the simulation step. In contrast, the remaining five screw modeling methods required the pretension step to preload the screws as a part of the two-step FE analysis process.
[image: Figure 5]FIGURE 5 | Description of the six screw modeling methods used in the present study. (A) Modeling method TIE used tie constraints for all interactions between the screw and its surrounding structures. This modeling method was the only one that used a tie constraint between the screw head and the implant, while the other five modeling methods used a contact model instead. (B) Model BL-CF applied the pretension force as a bolt load to the screw core during the pretension step. During the simulation step, this modeling method propagated the bolt load from the pretension step and kept its magnitude constant. (C) Model BL-CL applied the pretension force as a bolt load to the screw core during the pretension step. During the simulation step, this modeling method fixed the bolt axial length at its current length inherited from the pretension step. (D) Modeling method ISO induced the pretension force by introducing a pseudo-thermal field within the screw shank, which was subjected to an isotropic thermal contraction. (E) Modeling method ORT also induced the pretension force using a pseudo-thermal field within the screw shank but subjected it to an orthotropic thermal contraction in only the axial direction of the screw. (F) Modeling method FOR induced the pretension force by applying a set of equal and opposite compressive forces to the nodes on the screw shank circular surfaces.
TABLE 2 | Differences in solution process between the screw modeling methods.
[image: Table 2]Two of the five remaining screw modeling methods, named “BL-CF” and “BL-CL,” used Abaqus built-in Bolt Load functionality to apply axial forces directly to the screw core. These two methods differed in how the loading of the bolt load was defined during the simulation step. The BL-CF methods propagated the bolt load from the pretension step and kept the bolt load magnitude constant during the simulation step, while BL-CL method fixed the axial length of the bolt at its current length inherited from the pretension step and allowed the axial force within each screw to change according to the response of the model.
The three remaining screw modeling methods, named “ISO”, “ORT”, and “FOR”, utilized known physical relations to induce the pretension force. Among them, the ISO and ORT modeling methods induced the pretension force within the screw free zone by introducing thermal strain resulting from a pseudo temperature decease caused by a pseudo temperature field defined within the screw shank. The pseudo temperature decrease induced a thermal contraction of the screw shank, which subsequently imposed a compressive force in the screw core. Because the extent of pseudo temperature decrease dictated the magnitude of the induced axial force, the respective pseudo temperature changes of all screws were calibrated through an iterative procedure to generate the desired axial forces. While these two screw modeling methods were similar, they differed in the degrees of freedom for the thermal contraction effect, which as isotropic for the ISO modeling method but limited to only the screw axial direction for the ORT modeling method. Different from the ISO and ORT modeling methods, the FOR modeling method induced the pretension force within the screw free zone by introducing mechanical strain resulting from a set of two equal and opposite compressive forces applied to the screw shank. The compressive forces were applied to two reference nodes, defined at the center of each of the two circular surfaces of the screw shank and attached to the nodes on their respective surfaces through rigid body connections. Like the ISO and ORT modeling methods, the FOR modeling method required an iterative calibration procedure to find the necessary magnitude of the compressive force to generate the desired pretension force. These modeling methods are henceforth called the “iterative” methods.
The magnitude of the pretension force [image: image] to be induced within the screw free zone was inferred through a series of steps that involved estimating the optimal insertion torque [image: image], the associated stripping torque [image: image], and the pullout force failure threshold [image: image] for each screw. First, the pullout failure threshold [image: image] for each screw was estimated using the published empirical relationship shown in Equation 3 (Chapman et al., 1996):
[image: image]
where [image: image] is the bone’s ultimate shear stress, [image: image] is the length of thread engagement in the material, [image: image] is the major diameter of the screw, and [image: image] is the dimensionless thread shape factor. The ultimate shear stress for trabecular bone was calculated using an empirical correlation between the compressive ultimate strength (Ebbesen et al., 1997; Fleps et al., 2020) and the apparent density of the ilium and a 0.44 shear-to-compressive strength ratio (Sanyal et al., 2012). Hence, the relationship between the ultimate shear stress of the trabecular bone and the corresponding bone apparent density was defined as [image: image], where [image: image] was the average apparent density extracted from the subject’s CT images, which was 0.422 g/cm3. The [image: image] of a screw was defined as [image: image], where [image: image] is the thread depth defined as [image: image], [image: image] is the minor diameter of the screw, and [image: image] is the thread pitch.
For each screw, the calculated value of [image: image] was used to estimate an associated optimal insertion torque [image: image] for each screw. Although the actual insertion torque for each screw was not measured at the time of the surgery, the optimal insertion torque was approximated as being 65% of the predicted stripping torque ([image: image]) of each screw (Lawson and Brems, 2001). The optimal insertion torque of each screw was then estimated through Equations 4, 5 by first calculating the stripping torque [image: image] (Fletcher et al., 2019):
[image: image]
[image: image]
where [image: image] is the pitch radius of the screw and [image: image] is the coefficient of friction of the bone-screw interface. The pitch radius [image: image] was defined as [image: image].
Finally, the optimal insertion torque [image: image] for each screw was converted to an equivalent inferred pretension force [image: image] to be induced within the free zone of the screw during the pretension step of each FE simulation. The relationship between the insertion torque [image: image] and inferred pretension force [image: image] in a screw was described by Equation 6 (Deutsches Institut für Normung, 1991; Shoberg, 2000):
[image: image]
where [image: image] is the coefficient of friction in the threads, [image: image] is the coefficient of friction under the head, and [image: image] is the mean bearing diameter under the head. The coefficient of friction [image: image] between machined Ti64 alloy and trabecular was set to 0.42 (de Vries et al., 2022), while the coefficient of friction between [image: image] two titanium surfaces was set to 0.441 (Guda et al., 2008). The pretension force was calculated for each of the nine fixation screws. Theoretically, at the end of the pretension step, each screw experienced an axial force whose magnitude was the screw’s corresponding inferred pretension force.
Because the pretension force of each screw could not be implemented directly in the iterative modeling methods (i.e., ISO, ORT, and FOR), a root-finding procedure based on the Secant Method was employed to determine the necessary temperature change or compressive force required in the screw shank to induce the inferred pretension force in the screw free zone. In the Secant Method, two sets of initial guesses are required to begin the iterative procedure. The equation for the next iteration is [image: image], where [image: image] is the magnitude of current temperature change or compressive force, and [image: image] is the difference between the induced axial force in a screw in the current step ([image: image]) and the inferred pretension force ([image: image]). A single-screw FE model was built to generate the initial guesses for the necessary temperature changes or compressive forces (see Supplementary Material for details). The temperature changes or compressive forces that caused each single-screw FE model to produce the specified pretension force were used as the initial guesses ([image: image]) for the hemipelvis FE model with all nine screws included. The Secant Method pretension step was then run using the hemipelvis FE model with the guessed temperature changes or compressive forces determined for each screw separately and iterated until the induced axial forces in all nine screws were within 5% of the desired pretension forces.
After the iterative process was completed, the simulation step of the FE model was run to simulate the stress distributions in the screws and compute the simulated axial force within the free zone. During the simulation step, the conditions used to induce the pretension forces were maintained, and the hip joint contact force was applied. All hemipelvis FE analyses were simulated using an 8-core, 16-processor, 3.70-GHz PC workstation. Additionally, a mesh sensitivity study was conducted to gain insight into the influence of mesh refinement on stress concentrations for the three iterative screw modeling methods (see Supplementary Material for details).
2.5 Screw failure evaluation
All nine screws in the hemipelvis FE model were evaluated for the likelihood of two failure modes–pullout and high-cycle fatigue. The simulated axial force and peak von Mises stress for each of the nine screws was computed for all combinations of six screw modeling methods and two load cases. The pullout failure threshold computed using Equation 3 was compared to the simulated axial force experienced by each screw to determine the likelihood of screw pullout (Figure 4C). The fatigue limit of the Ti64 screw was estimated and compared to the simulated peak von Mises stress experienced by the core of each screw to determine the likelihood of high-cycle fatigue failure. The von Mises stress distributions within the first 3 mm (equivalent to the core diameter) of the screw core were neglected to avoid stress concentrations. The fatigue limit of the screws was estimated by first determining the fatigue limit of a standard Ti64 alloy rotary beam test specimen from the relationship between cyclic stress magnitude and number of cycles to fatigue failure (Niinomi, 2008). The fatigue limit of the screws was then computed from the fatigue limit of the standard specimen using the Marin equation as shown below in Equation 7 (Marin, 1962; Budynas and Nisbett, 2011):
[image: image]
where [image: image] and [image: image] are the fatigue limits of the screw and rotary-beam test specimen, respectively, and [image: image] is the product of modifying factors (e.g., surface factor, gradient factor, load factor, temperature factor).
3 RESULTS
3.1 Inferred pretension forces and failure criteria
The estimated pullout force failure thresholds for the nine screws produced a wide range of inferred screw pretension forces (Table 3). Pullout force failure thresholds ranged from 221.4 N for Cortical 1, 2, and 3 screws to 1060.9 N for Cancellous 2 screw. The associated pretension forces ranged from 149.7 N for Cortical 1, 2, and 3 screws to 717.5 N for Cancellous 2 screw. The ratios between the pullout force failure threshold to inferred pretension force was 1.48 for all screws by design. The fatigue limit of the Ti64 screws was calculated to be 542.2 MPa.
TABLE 3 | Inferred pullout force failure threshold [image: image], optimal insertion torque [image: image], and pretension force [image: image] for each screw.
[image: Table 3]3.2 Screw failure analyses
The three iterative screw modeling methods and the BL-CL method all produced similar axial force predictions in the screw free zones (Figure 6). Screw axial forces predicted by the BL-CF modeling method were close to those predicted by these four methods, while predictions from the TIE method being the most dissimilar. For the three iterative screw modeling methods and the BL-CL method, some screws (i.e., Cancellous 1 and Cortical 1 through 4) experienced similar predicted axial forces at the two locations in the gait cycle, with the predictions being well below the pullout failure limit. In contrast, other screws (i.e., Cancellous 2 and 3 and Cortical 5 and 6) experienced different axial forces at the two locations in the gait cycle, with the larger forces at the second location being near or above the pullout failure limit.
[image: Figure 6]FIGURE 6 | Axial force in the free zone for each screw at the two selected locations in the gait cycle, normalized by the pullout failure threshold. A “*” denotes that the simulated axial force in the free zone was below zero and was therefore compressive instead of tensile.
Furthermore, the three iterative screw modeling methods and the BL-CL method all produced similar peak von Mises stress predictions in the screw cores (Figure 7). Peak von Mises stresses predicted by the BL-CF modeling method were similar to those predicted by these four methods, while predictions from the TIE method remained dissimilar. All screws except for Cancellous 3 were predicted to experience peak von Mises stress below the screw fatigue limit during level-ground walking, regardless of the selection of the screw model. This finding suggested that all screws except for Cancellous 3 could sustain long-term cyclic loading without failing. In contrast, different screw modeling methods produced different predictions for the likelihood of Cancellous 3 fatigue failure. For all screw modeling methods apart from the TIE method, the Cancellous 3 screw had a peak von Mises stress that was above the fatigue limit, making the screw susceptible to fatigue failure. However, for the TIE modeling method, the Cancellous 3 screw had a peak von Mises stress that was below the fatigue limit, suggesting that it was not susceptible to fatigue failure.
[image: Figure 7]FIGURE 7 | Simulated peak von Mises stress for each screw at the two selected locations in the gait cycle.
3.3 Inferred pretension forces
At the end of the pretension step, the induced screw axial force within the free zone matched the inferred pretension force. The axial force profiles generally exhibited oscillations at the beginning of the screw core, which stabilized at a distance and decreased once the screw began entering the bone (Figure 8). For the cancellous screws, the axial forces converged to the inferred screw pretension forces within the first 3 mm and maintained their magnitude for the rest of the screw free zone (Figure 9). However, due to the shorter length of the free zone within cortical screws, the axial force in these screws either did not have a plateau region where the magnitude was maintained or had a much shorter plateau region before the screw entered the bone. For all nine screws, the axial force profiles simulated using the BL-CL modeling method exhibited the fewest oscillations. The BL-CL modeling method also required the shortest distance for the axial force to plateau without exhibiting stress concentrations, followed by the FOR modeling method. The mesh sensitivity study revealed that at least one layer of elements was required to eliminate stress concentration effects when using the FOR method, two layers of elements when using the ORT method, and 3 mm when using the ISO method (see Supplementary Material for details).
[image: Figure 8]FIGURE 8 | Simulated axial force profile for each screw within its core normalized by the inferred pretension force at the end of the pretension step. The 0% relative location denotes the beginning of the screw core, which was adjacent to the screw shank, while the 100% relative location denotes the screw tip. The light gray shaded zone denotes the region where the screw is partially embedded in the bone, and the dark gray shaded zone denotes the region where the screw is fully embedded in the bone.
[image: Figure 9]FIGURE 9 | Simulated axial force profile for each screw within the first 4 mm of its core normalized by the pretension force at the end of the pretension step.
3.4 Computation time
Among the three iterative screw modeling methods, the FOR method required the fewest iterations to reach a 5% error in inferred pretension forces for all nine screws (Figure 10). These three modeling methods began their first iteration with a comparable yet sizable mean absolute percent error. The mean absolute percent errors for the inferred pretension force compared to the pretension force at the end of the iterative process were between 1.4% and 1.9%. The time spent running the iterative process for the three modeling methods ranged from 35.5 to 64.4 h before the simulation step began (Table 4). The FOR model was the most time efficient among the three iterative modeling methods, followed by the ORT method and the ISO method. For comparison, the BL-CL method did not require an iterative process to complete the pretension step. Consequently, the BL-CL modeling method required an order of magnitude less total computation time (pretension + simulation steps) than did the three iterative modeling methods.
[image: Figure 10]FIGURE 10 | Absolute percent error during the iterative process used to induce the inferred pretension force in the free zone of all screws. The solid line denotes the mean absolute percent error of the induced pretension force compared to the inferred pretension force across all nine screws, while the shaded region denotes the range of absolute percent errors. The iterative process ended when the maximum percent error for the iteration was below 5%.
TABLE 4 | Computation time necessary for each screw model using an 8-core, 16-processor, 3.70-GHz PC workstation.
[image: Table 4]4 DISCUSSION
This study evaluated six different FE screw modeling methods for predicting compression screw pullout and fatigue failure in a custom pelvic implant. Three modeling methods (tied constraints (TIE), bolt load with constant force (BL-CF), and bolt load with constant length (BL-CL)) generated screw axial forces using functionality built into Abaqus FE software, while the remaining three modeling methods (isotropic pseudo-thermal field (ISO), orthotropic pseudo-thermal field (ORT), and equal-and-opposite force field (FOR)) generated screw axial forces using iterative physics-based relationships that can be implemented in any FE software. The ability of all six modeling methods to match specified screw pretension forces and predict screw pullout and fatigue failure was evaluated using an FE model of a custom pelvic implant with a total hip replacement, where applied hip contact forces were estimated at their two peaks in the gait cycle. For each of the nine screws in the custom implant FE model, the likelihood of screw pullout and failure were predicted using maximum screw axial force and maximum von Mises stress, respectively. The three physics-based iterative modeling methods and the Abaqus BL-CL method produced nearly identical predictions for likelihood of screw pullout and fatigue failure, giving us confidence in the results produced by these methods. In contrast, the other two built-in Abaqus modeling methods yielded vastly different predictions. The Abaqus BL-CL method required the least computation time, largely because no iterative process was needed to induce specified screw pre-tension forces. Of the three iterative methods, FOR required the least number of iterations and thus the least computation time. These findings suggest that the choice of screw modeling method can drastically alter FE-based conclusions regarding the likelihood of pullout and fatigue failure for compression screws used in custom pelvic implants.
In contrast to previous FE studies of custom pelvic implants, the current study used heterogenous pretension forces across the screws. Previous studies used the BL-CL modeling method, or some variation thereof, to analyze the stress distributions in or around compression screws used with custom pelvic implants (Dong et al., 2018; Maslov et al., 2021; Soloviev et al., 2023). Each of these studies attempted to identify optimal screw pretension forces for their respective bone-implant assemblies. In each study, a single arbitrarily selected axial force ranging from 0 to 3000 N was applied to all screws to determine which level of pretension force was the most appropriate to avoid mechanical failures of the implant, screws, or remaining pelvic bone. Dong et al. (2018) found that the screw pretension force should be kept below 1000 N to avoid screw fatigue failures, while Maslov et al. (2021) and Soloviev et al. (2012) reported that the optimal pretension force should be between 500 and 1000 N, and preferably around 500, to avoid bone fracture. However, the screws used in these studies differed in size and location from the ones used in the present study. Given the wide size (15–80 mm in core length) and location differences for the screws used in our study, we felt that it would be unrealistic to apply the same pretension force to all screws. In the absence of screw pretension measurements, we inferred screw pretension forces using widely accepted empirical relationships reported in the literature. Various screw geometric parameters, model component material properties, and friction coefficients between components were required to estimate the pretension force for each screw. The force to be induced during the pretension step was ultimately calculated using a specified fraction of the stripping torque (i.e., the assumed optimal insertion torque). The inferred pretension forces for the screws in our study varied from 149.7 to 717.5 N, all within the range of suggested pretension forces provided by previous studies (Dong et al., 2018; Maslov et al., 2021; Soloviev et al., 2023). The same conversion process from the assumed optimal insertion torque to pretension force was used in previous studies, particularly of dental implants, which typically consisted of a single compression screw (Lang et al., 2003; Dannaway et al., 2015; Satpathy et al., 2022). However, this “optimal” insertion torque was only validated to be optimal for a single screw to resist axial forces. In a complex bone-implant system with multiple screws, such as modeled in the present study, the magnitude of optimal insertion torque is not well understood. Even if optimal insertion torques could be calculated, in reality it is difficult for surgeons to “feel” the precise amount of torque being applied without the use of a torque wrench. In the future, surgeons may want to consider using a torque wrench in the operating room to apply the desired amount of torque to each screw. However, even with a torque wrench, it would be difficult to achieve the desired screw forces in a multi-screw implant system due to the “elastic interaction effect.” This effect causes the tightening of one screw in a multi-screw system to affect the pretension forces in all other screws that were previously tightened. During surgery, since the screws would be tightened in a sequence, the screws that were tightened to their optimal insertion torque might be affected by the tightening of neighboring screws. Investigating the effect of screw-tightening sequence was beyond the scope of the present study. The FE model in our study was preloaded with the carefully approximated pretension forces and represented an idealized scenario where all screws were subjected to an assumed optimal pretension force.
While the BL-CL modeling method has been used in previous studies, limited information is available to explain how Abaqus implements bolt loads as pretension forces. The reliability of the defined bolt loads had not been verified in any FE studies of custom pelvic implants. Due to the built-in status of the Abaqus BL-CL functionality, it cannot be used in other FE software packages. In this study, the maximum axial force and peak von Mises stress for each screw predicted by the BL-CL modeling method were highly consistent with predictions generated using the ISO, ORT, and FOR modeling methods, which are based on well-understood physics relationships. Thus, for FE software other than Abaqus, ISO, ORT, and FOR modeling method are viable alternatives.
Though the TIE modeling method has also been used in similar studies, it did not predict realistic interactions between the compression screws and custom pelvic implant used in this study. During surgery, the surgeon tightens the compression screws so that the screw heads compress the implant against remaining bone. However, the use of tie constraints prevented the screw heads from separating from the implant, and thus the stress on the screws was partially transferred to the implant or vice versa. In reality, it is possible for the head of a compression screw to become separated from the implant. Because of this deviation from physical reality, the peak von Mises stresses and axial forces predicted by the TIE modeling method were substantially different from those predicted by a modeling method involving a contact model between the screw heads and the custom implant. Though not appropriate for the present study, the TIE model could nonetheless be suitable for modeling “locking” screws that are threaded into the holes of the custom pelvic implant. In a previous study (Zhu et al., 2023), the TIE modeling method was used to analyze the fixation durability of a custom implant, and the simulations successfully identified the compromised screws and their failure modes. The screws in that study were all locking screws which were modeled as inseparable from the implant through the use of tie constraints. Had the screws used in the present study been locking screws, the simulations with the TIE model would likely have been sufficient to assess screw fixation durability.
Although the BL-CF and BL-CL modeling methods differed only in the bolt loading methods used during the simulation step, the BL-CF method produced markedly different and less realistic simulation results. In the BL-CF method, the magnitudes of the imposed bolt loads on the screws during the simulation step were propagated from the pretension step and kept constant thereafter. Indeed, the axial forces in all screws predicted with the BL-CF method were within 2% of the inferred pretension forces. This observation suggested that the applied bolt loads in the BL-CF method acted as constraints on the screws in the axial direction so that the axial forces were maintained at a similar magnitude to the applied bolt load magnitude. Non-physical boundary conditions might have been imposed on the FE model to maintain the constant axial forces during this step. Hence, the BL-CF method always failed to provide realistic axial forces on the screws. Furthermore, the reliability of the simulated von Mises stress was questionable as well. Although the von Mises stresses predicted with the BL-CF method were generally comparable to those predicted with the iterative physics-based modeling methods and the BL-CL method, the peak von Mises stress of Cancellous 3 predicted with BL-CF was close to the material yield strength and more than 13% higher than that predicted with the iterative physics-based modeling methods. This notable difference in von Mises stress predictions was likely the result of excessive axial stress introduced by the non-physical boundary conditions imposed to maintain each axial force at a constant value. The inferior performance of the BL-CF method highlights the importance of selecting the most appropriate modeling method for the physical situation.
Although no in vivo measurements of von Mises stress or axial force were available for comparison with our simulation results, the clinical records for the subject being modeled provided important insights into the accuracy of the failure predictions produced by the different screw modeling methods. Specifically, the Cancellous 3 screw experienced a pullout failure. Consequently, the subject went through revision surgery to reinforce the fixation of this screw. Neither the TIE nor the BL-CF modeling method was able to predict the pullout failure of Cancellous 3, while the BL-CL, ISO, ORT, and FOR modeling methods all predicted that Cancellous 3 was susceptible to pullout failure. However, the simulations performed using the latter methods also predicted that Cancellous 3 was susceptible to fatigue failure and Cortical 5 to pullout failure, which did not occur. For Cancellous 3, it is possible that the pullout failure occurred before the potential fatigue failure could occur. For Cortical 5, even if the screw pulled out, it would be difficult to visualize the failure. Unlike for Cancellous 3, which was the only screw used in the pubic region, Cortical 5 was one of eight screws used in the ilium region. Thus, the remaining screws would maintain fixation visually even in the absence of Cortical 5. It is also worth noting that the simulations predicted potential failures at a single snapshot in time and provided no information about a possible sequence of failures.
Many similarities existed among the BL-CL, ISO, ORT, and FOR modeling methods. The four methods predicted similar von Mises stress and axial force profiles within the screw core except for the first 3 mm near the screw head. Regardless of the chosen screw modeling method, when the influence of the stress concentration was excluded, the von Mises stress was undisturbed beyond 3 mm away from the screw shank. In this region, the von Mises stress distributions predicted by the four screw modeling methods appeared similar, and the peak von Mises stresses for each screw were within 6.2% on average from each other (Figure 11). In contrast, outside this region near the screw head, the von Mises stress distributions were dissimilar due to different types of strains being used to induce pretension force and relatively erratic due to the presence of stress concentrations near sharp corners. As such, the ability to resolve stress concentrations was particular important and was closely tied to the reliability of a screw modeling method.
[image: Figure 11]FIGURE 11 | Von Mises stress distributions in the Cancellous 3 screw simulated using BL-CL, ISO, ORT, and FOR modeling methods at the end of the simulation step for both load cases. The dashed lines divide the screw at 3 mm away from the shank. The stress distributions to the right of the dashed lines were similar in magnitude and pattern for all four of these modeling methods with both load cases.
Compared to the three iterative screw modeling methods, the BL-CL method was superior in two ways. First, because an iterative process was not necessary for the BL-CL method, it took the least amount of computation time to induce the inferred pretension forces during the pretension step. Second, given the same element size, the BL-CL method required the shortest distance at the beginning of the screw core to resolve stress concentrations. These advantages allowed the BL-CL method to provide reliable stress predictions over a longer span of the screw core. If the Abaqus built-in bolt load functionality is not available, our results suggest that the FOR method is the best alternative. Among the iterative modeling methods, the FOR method required the least amount of simulation time and required the shortest distance at the beginning of the screw core to resolve stress concentrations. The mesh sensitivity study further confirmed the FOR method’s superior ability to resolve stress concentrations.
When using one of the iterative modeling methods, the length of the free zone relative to the length of the stress concentration zone in each screw could have a substantial influence on the accuracy of the predicted axial forces. Because the axial forces were evaluated at the end of the screw free zone, for certain cortical screws, the axial forces were measured within the 3 mm zone where stress concentrations were present. The influence of stress concentrations was particularly evident in the induced pretension force profile for Cortical 4. The length of the screw free zone was less than half a millimeter. At an average element size of 0.8 mm within the screws, this screw free zone length was shorter than the minimum distance (i.e., one element size) necessary to move beyond the stress concentrations regardless of the iterative screw modeling method being used. Consequently, instead of having a plateaued profile before exiting the screw free zone and a decreasing profile thereafter, the induced pretension force in Cortical 4 peaked within the partially embedded region of the screw at around 0.5 mm away from the beginning of the screw core. Unlike the induced pretension force profiles in most of the other screws, which were generally similar in shape and magnitude across the three iterative screw modeling methods, the induced pretension force profile in Cortical 4 predicted with the ISO and ORT methods was notably elevated compared to that predicted with the FOR method. Similarly, Cortical 1 also had a relatively short free zone (about 0.7 mm long) compared to the other screws. Consequently, Cortical 1 had relatively dissimilar axial force profiles across the different modeling methods compared to other screws. The short free zone made calibration of the induced pretension force more likely to be influenced by stress concentrations, causing the rest of the screw to be inaccurately loaded during the simulation step. For this reason, the predicted axial forces for the screws with a shorter free zone, such as Cortical 1 and Cortical 4, were not as reliable as for screws with a longer free zone, such as the cancellous screws. In the future, cortical screws could be meshed with finer elements to alleviate stress concentrations within a shorter distance, thereby producing more accurate axial forces.
The necessary computational runtime for the three iterative screw modeling methods presented another challenge for predicting fixation durability. At a minimum, the iterative process required 35.5 h to complete using an 8-core, 16-processor, 3.70-GHz PC workstation. In cases where use of the BL-CL model is not feasible, the runtime necessary to complete the iterative process could be prohibitive given the short timeframe available clinically for designing custom pelvic implants for sarcoma patients. However, in the authors’ opinion, the additional simulation time would be worthwhile if the long-term durability of a patient’s custom pelvic implant could be improved.
Given the modeling and computational complexity of the present study, a number of important limitations should be kept in mind. First, because of limitations in computational speed, we chose to model bone as a linear elastic material, even though bone has been shown to behave as a nonlinear viscoelastic material (Morgan et al., 2018). In particular, when subjected to successive stress relaxation cycles during experimental bone screw pullout testing, the nonlinear viscoelastic behavior of bone can reduce bone screw pullout strength by approximately 20% (Inceoglu et al., 2006). This observation indicates that the inferred pullout force calculated for each screw (Table 3) is likely an overestimate. Consequently, two screws (Cancellous 3 and Cortical 5) that had a high likelihood of pullout failure for the Gait 2 condition would have a high likelihood for the Gait 1 condition as well (Figure 6). In addition, one screw (Cortical 6) that was just below the threshold for pullout failure would move above the threshold for the Gait 2 condition (Figure 6). Thus, at least for the present study, we do not believe that simulating repeated stress relaxation loading cycles with bone modeled as a nonlinear viscoelastic material would have changed our predictions of likelihood of screw pullout failure substantially.
Second, the use of computationally estimated rather than experimentally measured hip joint contact forces in the FE model may have affected our results. The neuromusculoskeletal model used in our study was modified from an OpenSim model that had previously been calibrated using the same subject’s pre-surgery motion, ground reaction force, and EMG data. Although several changes were made to this model to reflect the subject’s post-surgery anatomy, muscle attachment sites and muscle-tendon model parameter values for the retained muscles were assumed to remain unchanged from the pre-surgery model. This assumption was the most questionable for muscles that were detached and later reattached during surgery. Though pre-surgery muscle-tendon properties may not accurately describe the post-surgery condition, calibrating post-surgery muscle properties would have been an extremely challenging task, especially given that pelvic sarcoma patients experience significant anatomical changes. The personalized pre-surgery muscle properties were a much more accessible alternative. Static optimization that minimized the sum of squares of muscle activations was utilized to predict the muscle forces, which were later used to compute hip joint contact force. However, static optimization often underestimates muscle forces and thus joint contact forces as well (Kian et al., 2019). Despite this drawback, to the authors’ knowledge, no previous study used personalized hip joint contact forces for pelvis FE analyses. Most studies simply used published hip joint contact forces measured with an instrumented hip replacement (Bergmann et al., 2001) and re-expressed in the pelvis coordinate system (Soloviev et al., 2023; Zhu et al., 2023).
Third, the use of only two load cases from a single task may have also affected our results. Only two selected load cases during the gait cycle were used to predict the durability of the compression screws. As evident in various previous studies, other load cases in the gait cycle and load cases from other activities might be important to consider when predicting the likelihood of mechanical failures (Bergmann et al., 2010; Maslov et al., 2021; Zhu et al., 2023). However, the effect of loading conditions on predicted implant fixation durability is beyond the scope of the present study. Furthermore, muscle forces estimated by the neuromusculoskeletal model were not applied to our FE model. However, the influence of muscle forces on pelvis-implant FE simulations is not well understood. Some previous studies have argued that the presence of muscle forces in computational models has little influence on the simulated stress distribution in the pelvic implant, especially for the resected pelvis where a considerable amount of attached muscles were removed (Dalstra and Huiskes, 1995; Iqbal et al., 2017). A future study should investigate how analysis of multiple load cases from multiple movement conditions, including and excluding muscle forces, affects the predicted durability of custom pelvic implants.
Fourth, due to lack of available experimental data, values of various FE model parameters were taken from the literature. For example, the material properties of the 3D-printed implant were taken from a reputable study (Niinomi and Boehlert, 2015); the material properties of the remaining pelvic bone were calculated using established image processing techniques and strongly correlated empirical relations (Ebbesen et al., 1997; Anderson et al., 2005; Eggermont et al., 2019; Fleps et al., 2020; Babazadeh Naseri et al., 2021); all the coefficients of friction came from studies that conducted experimental measurements on orthopedic or dental implants (Guda et al., 2008; de Vries et al., 2022); the inferred pretension forces were determined through a series of steps involving estimates of various other parameters. The actual values of these parameters could be substantially different from the estimated values. As a more specific example, the actual pretension forces to which the screws were subject could be far from our estimated values, and the difference between actual and inferred pretension forces could alter FE predictions of the likelihood of screw failure. Although the FE simulation results presented in this study could not be validated experimentally or tested on a different implant design due to the patient-specific nature of the FE model, standard practices for pelvis FE analysis were followed.
Fifth, the present study examined the influence of compression screw modeling methods on predicted fixation durability of the entire postoperative pelvic assembly. The influence of these methods on the stress distribution in the bone was outside of the scope of the study. Due to the retrospective nature of the study, any variations in bone stress distributions caused by the different screw modeling methods could not be evaluated qualitatively, as the postoperative conditions of the bone were not available. Nonetheless, a better understanding of how bone screw modeling methods may influence the predicted stress state in the bone would be valuable to know, and a future study designed to investigate this issue should be conducted. Lastly, while computational modeling studies should ideally perform verification, validation, and uncertainty quantification (VVUQ) processes (ASME International Standard VVUQ 1-2022, 2022), we were unable to perform all three processes for the present study due to limitations in available experimental data and computational speed. For verification, we were able to compare the likelihood of screw pullout and fatigue failure predicted by the different screw modeling methods. The high similarity of the predictions generated by the three iterative physics-based methods and the non-iterative Abaqus BL-CL method provide confidence that these four modeling methods were implemented properly and satisfied the relevant physics relationships. For validation, we were able to evaluate model predictions of screw pullout and fatigue failure only qualitatively by comparing with clinical observations made in the subject being modeled, as in vivo quantitative measurement of bone screw stresses and strains is not currently possible. The three iterative physics-based methods and the non-iterative Abaqus BL-CL method all predicted that Cancellous 3 was susceptible to pullout failure, which was consistent with the clinical observation that Cancellous 3 indeed experienced a pullout failure. For uncertainty quantification, we were unable to evaluate the sensitivity of model predictions to uncertainties in model parameter values due to the significant amount of computational time (between 10 and 72 h) required for simulating each screw modeling method. Despite these limitations, this study was still able to demonstrate the advantages and disadvantages of various screw modeling methods used within pelvis-implant FE models for fixation durability analysis.
In conclusion, this study used a patient-specific hemipelvis with custom implant FE model to compare the likelihood of compression screw pullout and fatigue failure predicted by six distinct screw modeling methods. Our findings suggest that the choice of screw modeling method can dramatically alter FE-based predictions of pullout and fatigue failure likelihood for compression screws used in custom pelvic implants. The BL-CL modeling method, where the Abaqus build-in bolt load functionality was utilized, generated fast and reliable simulation results compared to other screw modeling methods. When this Abaqus built-in functionality is unavailable, the iterative physics-based FOR method was the best alternative. The study demonstrated the importance of utilizing a physiological screw modeling method for custom pelvic implant fixation durability studies involving compression screws. By incorporating an appropriate compression screw modeling method within patient-specific pelvis-custom implant FE models, this study paves the way for building better standards for evaluating custom implant designs in silico so that implant longevity and functionality can be maximized for each unique patient.
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