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Abstract. This study integrates concepts from biomechanics, anatomy, and computational engineering in order to develop a three-dimensional modeling methodology of an intraosseous implant applied to the metacarpal region of the human wrist enabling finite element analysis. The research is framed within the context of wrist arthrodesis surgery, a procedure aimed at permanently immobilizing carpal bones to relieve pain and stabilize the joint. The methodology involves the use of computed tomography (CT) scans to generate a three-dimensional geometric model of the wrist region. The model undergoes refinement and geometric simplification to focus on the most relevant bony structures for the clinical case. The implant under investigation is based on a patented design specifically developed for use in arthrodesis procedures, promoting fixation between the metacarpal bones.
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1  Introduction  

Wrist arthrodesis is a definitive procedure for chronic wrist pain and degenerative conditions, aiming to stabilize the joint by promoting bony fusion between selected carpal bones and the distal radius with internal fixation [1,2]. While computational biomechanics is routinely used to evaluate orthopedic devices [3-6], intra-osseous implants for wrist arthrodesis remain underrepresented, particularly regarding end-to-end reproducible workflows that convert medical images into finite-element (FE)–ready and ligament-aware assemblies. Anatomical references such as Gray’s Anatomy [7] and surgical innovations described in recent clinical and patent literature [1,2] provide the foundation for implant positioning and fixation strategies adopted in this study.

Computational biomechanics has also been widely applied to wrist modeling with studies addressing joint stability, contact behavior and load distribution across carpal bones using FE analysis [3,4,8,9]. Computed Tomography (CT)–based segmentation is commonly used for bone reconstruction due to its capacity to capture cortical geometry, making it suitable for generating mesh-capable models [10–13]. However, clinical CT often fails to catch cartilage and trabecular bone [3,8]. This work presents a transparent workflow that integrates bone, cartilage, ligaments and implant geometry into a finite-element–ready assembly, structured for downstream simulation and adaptable to patient-specific anatomical variation.

Here we present a CT-driven methodology that generates a three-dimensional biomechanical model of the wrist incorporating an intra-osseous arthrodesis implant, cartilage representations and a simplified ligament network. The pipeline integrates public tomographic data, bone positioning, parametric implant geometry aligned to surgical references and modeling choices that balance biomechanical fidelity with meshing robustness. 

This contribution matters for two main reasons. First, it reduces the barrier to entry: instead of bespoke, opaque model builds, we provide a transparent, stepwise path from images to an FE-ready model that can be replicated and adapted by other groups. Second, it accelerates iteration in both research and pre-operative planning contexts: once the pipeline is in place, alternative implant designs or anatomical variants can be evaluated with minimal rework—enabling rapid convergence toward mechanically sound, surgically feasible solutions.

Key contributions of this work are:
1. A reproducible CT-driven workflow for constructing an FE-ready wrist model configured for intra-osseous arthrodesis.
2. A ligament-aware assembly (cartilage + simplified ligament elements) that preserves joint-level stability cues relevant to implant assessment.
3. A parametric, surgically aligned implant representation that supports design variation and positioning studies.
4. Implementation details and modeling choices are explicitly documented to enable reuse, adaptation, and auditability in surgical planning or implant design evaluation.

Scope: This paper focuses on the modeling pipeline and the deliverable FE-ready assembly. Demonstrative loading scenarios and validation studies will be reported separately; the present goal is to provide a transparent, transferable modeling foundation for the community.
2  [bookmark: _bksxhmd1iejf]Methodology
We implemented a five-stage workflow: (i) image-based bone reconstruction, (ii) anatomical re-positioning into arthrodesis posture, (iii) cartilage representation, (iv) implant integration aligned to surgical landmarks, and (v) ligament network assembly. At each stage we document decisions that favor numerical robustness and easy reuse, so the final assembly can be meshed and solved without bespoke tweaking.
2.1 Image Acquisition and Bone Geometry Reconstruction
Computed-tomography (CT) data from a public repository [10] were imported into 3D Slicer [11] for threshold-based segmentation of cortical bone, followed by targeted manual edits in ambiguous regions to ensure anatomical fidelity. Because clinical CT poorly resolves cartilage and may fragment trabecular interiors, we have filled internal cavities to obtain continuous, watertight cortical surfaces suitable for downstream CAD and meshing.
Additionally, the trabecular (porous) inner regions of the bones often exhibit lower radiodensity and may appear fragmented or incomplete in the reconstruction. To overcome this, manual editing was performed in 3D Slicer [11] to fill internal cavities and ensure continuous and interpretable geometry. The resulting 3D model, although still coarse, was sufficient for export and further refinement.
In Meshmixer [12], triangulated surfaces were cleaned (non-manifold fix, hole fill, spike removal), mildly smoothed to reduce voxel stair-steps, and locally refined to preserve curvature at articulations. Clean surfaces were then imported into Ansys SpaceClaim [14] for final editing and FE preparation. This prioritizes geometric cleanliness over polygon count, improving contact stability and meshing success.
[bookmark: _fdgiuwnr28lm]2.2 Anatomical Repositioning and Assembly
Using anatomical landmarks (Gray’s Anatomy [7]), individual bones were rigidly transformed and the wrist oriented at ~15° extension to reflect post-arthrodesis alignment. Because the exported meshes lacked absolute scale, we applied a single global factor so that the radius-to-2nd-metacarpal distance equals 150 mm (Fig. 1), preserving relative proportions across bones. Also, the scaling tool had to be used to put the bones on the actual size, since it was exported without dimensional aspects. The dimensional parameter used was for 150 mm from the bottom of the radius to the top part of the second metacarpal, setting the ratio of the measured size on the geometry and 150 mm for the scaling value set. The implant geometry used in this model was based on a patented design specifically developed for intraosseous wrist arthrodesis. Its CAD geometry was obtained from Araújo doctoral thesis [6]. Special attention was given to aligning articular surfaces and maintaining realistic contact between bones as expected post-operatively.
2.3 Cartilage and Bones Modeling
Articular cartilages were modeled manually in SpaceClaim [14] as shell elements surrounding the articular surfaces of selected bones. The surface geometries were first imported from Meshmixer as facet representations, but the facet surfaces were converted into solid bodies using the automatic repair tool in SpaceClaim. The cartilage layers were then created directly over the imported bone surfaces by generating new facets that conformed precisely to the existing geometry. Each cartilage layer was offset outward from the underlying bone by a distance equal to half of the minimum separation between adjacent carpal bones, ensuring realistic anatomical spacing [3]. Cartilage was modeled at all contact zones between bones, covering every relevant articular interface.
Cartilage was assigned a Mooney–Rivlin hyperelastic law (Ansys Mechanical [13]) with constants C10 = 41 MPa and C01 = 0.41 MPa from Marqués et al. [8]. Near-incompressibility was enforced (volumetric penalty D1→0, ν ≈ 0.499). Bones were modeled as linear elastic: carpals E = 0.5 GPa, ν=0.30; radius E = 10 GPa, ν = 0.22 [9]. Cartilage–bone interactions were bonded, while cartilage–cartilage contacts were frictionless following Nazribajuri et al. [3].
[bookmark: _ge4alduxoqjh]2.4 Implant Integration
The implant geometry used in this model and shown on Figure 1 was a patented design specifically developed for intraosseous wrist arthrodesis. The CAD geometry was obtained and integrated into the anatomical assembly within SpaceClaim [12], following alignment criteria from the patent and literature. The CAD implant was simplified for robustness: transverse bolt passages are represented as cylinders, while the shaft–bone interface is frictionless to allow guided placement. Bonded constraints at the bolt regions capture fixation. Placement followed patent-based dimensions and surgical landmarks to ensure reproducible positioning (Figure 1).
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Figure 1. Intra-osseous implant modeling. (a) Reference geometry from Araújo’s thesis [6]. (b) Simplified, parameterized CAD based on patent dimensions [2]. (c) Implant positioned within the wrist assembly: bonded constraints at bolt regions, frictionless shaft contact. Colors: bones (neutral), cartilage (red), implant (blue).
[bookmark: _8okcl0ubrhyq]2.5 Ligament Representation
Ligaments were modeled on the mechanical model as linear spring elements connecting anatomically relevant points between adjacent bones, based on anatomical data and attachment locations described in Nazribajuri et al. [3]. The elements were oriented to approximate the physiological direction of each ligament in the carpal region.
Stiffness values for each spring were estimated according to the data provided by Nazribajuri et al. [3], considering tensile response only. The elements were defined to act in extension, becoming active only when stretched, and offering no resistance under compression. Springs act in tension only, activating when stretched and going slack in compression, mirroring the primary mechanical role of the carpal ligaments while avoiding over-parameterization. 
3  Results and discussion
The final product, as shown in Figure 2, is a CT-driven, FE-ready wrist assembly integrating: (i) watertight cortical bone geometries of the distal radius and carpus in an arthrodesis posture; (ii) cartilage shells at clinically relevant articulations; (iii) a parametric intra-osseous implant aligned to surgical landmarks with bonded fixation and frictionless shaft contact; and (iv) a tension-only ligament network routed between anatomical insertions. Interfaces, contact pairs, and constraint sets are predeclared at the assembly level, enabling plug-and-play meshing and rapid “what-if” analyses (implant sizing, placement) without additional model surgery. Although not pursued here, this model is structured for uncertainty propagation and sensitivity analysis consistent with orthopedic Uncertainty Quantification (UQ) practice [5,6].
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Figure 2. FE-ready wrist assembly. (a) Segmented and cleaned bone geometries from CT. (b) Anatomical re-positioning to an arthrodesis posture. (c) Cartilage shells at articulations. (d) Complete assembly with intra-osseous implant and tension-only ligament network, including the mesh created and the declared bonded and frictionless interfaces for downstream FE analysis.

The final finite-element assembly has 889,237 elements and 1,288,989 nodes, discretized with second-order tetrahedral elements. Mesh quality metrics indicate numerical robustness: mean skewness = 0.228, mean aspect ratio = 1.8 and mean element quality = 0.84. This study does not present simulation outputs. To produce mechanically meaningful results, future work must define representative loading and boundary conditions, perform mesh-convergence and validation steps.

For external comparison, Nazri Bajuri et al. [3] reports a healthy-wrist mesh of 828,888 elements for a hand grip loading scenario (with peak contact pressures ≈116 MPa in pathological cases), and Marqués et al. [8] report peak stresses on the order of ≈223 MPa in a carpal complex model. Both Nazribajuri et al. [3] and Marqués also report a geometric quality metric computed as 2*(inscribed-circle radius)/(ascribed-circle radius), which is distinct from the aspect-ratio definition used above. The present element counts, and mesh metrics are comparable to these references, supporting the claim that the discretization is FE-ready and suitable for subsequent biomechanical simulations. A sensitivity analysis, solver-settings documentation and experimental validation will be required to complete full simulation studies.
4  Conclusions
We delivered a reproducible, CT-driven pipeline that constructs a finite-element–ready, ligament-aware wrist model for intra-osseous arthrodesis. The assembly integrates cleaned cortical bone geometry, anatomically re-positioned carpal bones, cartilage shells, a surgically aligned implant, and a tension-only ligament network, with contacts and constraints declared at the assembly level. By emphasizing meshing robustness, transparent modeling choices, and reusability, the work lowers the barrier for comparative implant evaluation and accelerates pre-operative design iteration. Future efforts will pair this foundation with cadaveric/clinical validation and design space exploration to quantify sensitivity to implant geometry and placement.
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