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Abstract

:

Orthopedic splints are external medical devices designed to support and protect the functions of the human musculoskeletal system from pathological conditions or traumatic events. Tailoring these medical solutions to the morphology of the patient’s limb is essential to ensure a correct and rapid rehabilitation pathway. Although traditional splinting techniques might achieve a unique fit, the procedures are highly dependent on the skill and experience of the medical operator, affecting the quality of the care treatment. In response to the drawbacks associated with traditional splinting techniques, the present article proposed an innovative and structured methodology to manufacture customized wrist immobilization splints, prioritizing simplicity and user-friendliness in fabrication activities. The customized splint manufacturing was based on the integration of reverse engineering (RE) and additive manufacturing (AM) techniques. The research designed a baseline model of a wrist splint, varying over different thickness values and manufacturing materials (ABS, nylon, PLA, PC, PA6-GF25, PA6-CF20). For every splint model, the production times and material costs were assessed. Technical tests were performed via finite element analysis (FEA). The conducted analysis and the resulting charts empower medical operators to select the most appropriate solution, ensuring a well-informed and effective decision-making approach.
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1. Introduction


Splints, often referred to as orthoses or braces, are defined as external orthopedic devices intended to restore the physiological functions of the human musculoskeletal apparatus [1]. Upper extremity splints are distinguished on the basis of descriptive criteria, such as the primary purpose [2,3]. In compliance with the therapeutic target and clinical protocol established for a given pathological condition, splints are classified into mobilization, immobilization, restriction, and torque transmission splints.



The wrist is one of the upper extremity structures most frequently treated with splinting solutions. The use of wrist splinting is often advocated in clinical conditions involving carpal tunnel syndrome, radial nerve injuries, tendinitis and tenosynovitis, rheumatoid arthritis, wrist fractures and sprains, complex regional pain syndrome type I, and joint contractures. In treating these pathologies, therapists rely on a range of wrist immobilization splints that are able to maintain wrist structures in the correct alignment while simultaneously allowing a certain grade of finger mobility [4].



Physicians have at their immediate disposal prefabricated wrist splints designed to fit on a large population scale. Nevertheless, these solutions rarely adhere to the individual patient’s morphology optimally, requiring modifications that are not always feasible. In addition, adjustments may compromise the functionality of the device and consequently hinder the patient’s rehabilitation pathway. As a matter of fact, the partial or total lack of control over the wrist angle positioning in a prefabricated splint results in adverse outcomes [5,6,7].



In response to the major disadvantages associated with off-the-shelf splints, therapists fabricate customized wrist immobilization splints using low-temperature thermoplastic (LTT) materials. The production process is heterogeneous and demanding: it is performed by a trained medical professional, and sometimes it may require the assistance of a second operator to ensure the correct positioning of the patient’s limb. Generally, the arm of the patient is placed in a neutral resting position on a sheet of paper on which the pattern (e.g., volar, dorsal, ulnar, or circumferential) of the wrist immobilization splint is traced. Once the adequacy of the pattern is checked, it is transferred onto a film of LTT material, which is softened in hot water (60 °C to 80 °C temperature), trimmed, and molded directly onto the skin of the patient. Additional adjustments are always required, and closures are implemented at the end of the splinting process. As a result, the customization, prompted by the individual diagnostic case, is enhanced by the splinting practice diversification derived from the physician’s expertise.



Although the fabrication of custom splints provides a unique and specific therapeutic treatment for the patient compared to universal splints, the approach is not free of flaws. The customized splinting process is severely dependent on the skills, experience, and preferences of the healthcare operator [8], jeopardizing the quality of the medical device. In fact, it has been demonstrated [9] that thermal injuries and pressure-related complications (e.g., decreased blood perfusion and compartment syndrome) are more frequent when the splinting process is performed by less experienced practitioners. Therefore, taking into consideration the preceding argumentations, the present study outlined an innovative methodology to fabricate patient-specific wrist immobilization splints. The proposed fabrication methodology addressed the variability induced by disparate levels of medical expertise by structuring and standardizing the custom splinting process through the integration of advanced techniques and technologies in traditional medical practice. The benefits from prefabricated and custom splints were brought together so as to obtain devices characterized by a steady, high standard of quality and a great degree of customization. The emphasis was posed on the relevance of delivering optimal care by enhancing the individuality of the patient’s requirements with non-traditional methodologies: The lightness, strength, comfort, availability, and affordability of the splint solutions were concomitantly valued and balanced in an effort to provide satisfactory outcomes.



In the present research, a tailor-made splint was fabricated from the morphology of the patient’s arm: the geometry of the wrist was acquired through reverse engineering techniques. Advancement in this field promoted the diffusion and utilization of 3D scanner solutions in human modeling and especially in upper limb modeling. Scientific studies [10] demonstrated that optimal reconstructions were performed using handheld scanners, characterized by fast acquisition time. Additionally, the early apparatus [11,12,13], encompassing multiple cameras arranged in a circular frame, was developed and reconstructed the patient’s limb via an instant acquisition. A similar approach [14] involved a single camera attached to an arm that rotates in a circular motion around the patient’s limb. In opposition, traditional medical techniques, like computed tomography (CT) and magnetic resonance imaging (MRI), were considered inappropriate with respect to the current objective. Besides their great investment cost and limited availability in health care facilities, these techniques were invasive and not always executable on the patient.



Once scanned, the patient’s limb was translated into the digital copy of a customized wrist immobilization splint. Given the significant importance and intricate nature associated with the conversion process of scanned data into a simple and straightforward 3D printable model, it becomes imperative to emphasize, as an alternative to purely manual modeling, the availability of diverse methods for conducting this process [15,16,17]. The current study based the modeling activity on a dedicated software based on the Python language [18]. The application was developed with the aim of replacing the manual modeling activities [19,20,21] commonly performed by CAD technicians when elaborating the scanned information of similar medical applications. Thus, modeling time and effort were minimized, and technical knowledge of CAD software was no longer required. Conceived with a user-friendly interface, the considered software comprises a set of intuitive commands that grant physicians a fair degree of arbitrariness in splint designing without affecting the quality of the final model.



The realization of the physical prototype of the wrist immobilization splint was carried out by means of additive manufacturing (AM) techniques, highly automated manufacturing processes able to realize complex geometries with reduced human intervention [22]. These technologies were seen as viable options to meet the customization needs sought in the traditional splinting procedure. In particular, the manufacturing of the device was based on a desktop fused deposition modeling (FDM) 3D printer and a range of biocompatible filaments, both polymeric and composite materials. This technology is based on the principle of material extrusion: a thermoplastic filament is heated through a head nozzle and deposited layer upon layer according to a precise pattern and a meticulous selection of the process parameters [23,24,25] onto a build platform where the material cools and solidifies and gradually builds the final 3D structure. In the literature, FDM was used in the prototyping of a variety of skin-contact orthopedic devices, ranging from neck braces [26,27] to ankle–foot orthoses and insoles [28,29,30,31]. Upper limb splints and casts were primarily based on fused filament fabrication (FFF) printers [32,33,34].



Along with the definition and integration of the activities for an easy, effective, and clinician-friendly manufacturing approach of patient-specific splints for wrist immobilization, the present work comprised the execution of analyses evaluating the feasibility of the intended process and product. The present research aimed at assessing, in a comprehensive way, the applicability of the proposed methodology and the derived products in clinical practice. Particularly, the sustainability of the process was measured in terms of time and cost by focusing attention on the minimization of production times and material costs. Moreover, the compliance of the prototypes resulting from the discussed manufacturing process was assessed via finite element analysis (FEA): stresses and displacement distribution maps were presented. The FEA results were discussed in relation to the performance characteristics typically sought by clinicians during the splinting process.



Lastly, the present research quantified and displayed the outcomes of the feasibility analysis as a comparative collection of wrist immobilization splint configurations at the disposal of the physician for the treatment of the pathological wrist condition. The heterogeneity of the factors considered in the benchmark resulted in a comprehensive evaluation of the wrist immobilization splint configurations, and to date, such an assessment was not yet discussed in the literature.



From a broader perspective, this research showcased the vital role that scientific methodology and adopted technological innovation play in shaping the future of health care: the integration of medical knowledge and manufacturing engineering contribute to the advancement of medical science and patient care.




2. Methodology


2.1. Reconstruction of Wrist Geometry


The scanning procedure was performed using Hexagon Absolute Arm 7-Axis equipped with RS6 Laser Scanner. The contactless acquisition system consists of a handheld scanner (technical characteristics are shown in Table 1) set on a portable measuring arm.



The orientation and positioning of the patient’s wrist for personalized splint development varies depending on the diagnosis and therapeutic goals. In the present study, the wrist configuration adopted was a neutral resting position, typically used in the treatment of carpal tunnel syndrome. In practice, the patient was asked to sit still with the arm raised frontally so that the points that identify the shoulder and wrist joints were aligned on the same axis. The stability of the configuration was fostered by placing two supports of equal height in the proximity of the elbow joint and under the fingertips. The conceived configuration optimally exposed the external geometry of the patient’s upper limb, preventing shape distortion associated with arrangements that instead involve resting the arm on a surface. Additionally, the contactless systems avoided exposing the patient’s limb to additional stresses and helped the patient hold the correct position comfortably.



The position of the patient during the reconstruction of the wrist morphology is represented in Figure 1.



The scansion was executed as a single 360-degree acquisition around the patient’s upper limb, avoiding unnecessary complications in merging multiple scans.



Few attempts were performed before selecting the finest result. Files with slight misalignments and/or discontinuities in the point cloud were further processed and correctly elaborated. Compromised files were discarded. The average scanning time to acquire the current anatomical district was around 110 s, but it is worth mentioning that this value may vary since it relies on the skills of the operator.




2.2. Design of the Wrist Immobilization Splint Model


Starting from the 3D acquisition of the patient’s wrist, an STL model of a circumferential splint was designed using CAD software based on Python libraries. The authors introduced the software system, which was conceived to address the specific needs and challenges of the field in a previous article [18]. The application optimizes and streamlines the process of manual modeling into a set of intuitive and user-friendly commands (Figure 2) that were specifically developed for clinical practitioners’ use.



The first operation automates the translation of the model to the origin of the workspace reference system, the repair of the mesh geometry errors (such as holes, gaps, intersections, and floating triangles), and the surface smoothing. These activities improved the quality of the mesh by addressing potential artifacts resulting from the 3D scanning activity and by preparing the file for the subsequent modeling operations. Once the mesh geometry was corrected, two offsets were applied: the first one expanded the model surface outward and was designed to ensure clearance between the arm and the inner surface of the device, while the second one generated the solid shape by imposing a surface thickness. The user is required to input the offset value to ensure that the resulting orthotic device is tailored specifically to the needs of the patient. The cut and rotate commands refine the splint model, removing the non-functional areas. To accurately orient and section the model, the operator relies on the numerical values displayed by a protractor and millimeter grid. Ventilation holes were created to lighten the structure while providing sufficient strength. From a library that includes ventilation holes with distinct shapes, the user chooses the hole and applies it to the model either by selecting the location or by creating a pattern of evenly spaced holes. In the final stages of the modeling activity, the splint model was divided into two complementary shells and integrated with fastening systems. Given the circumferential design of the medical device, these operations are necessary in order to ensure that the patient is able to fit the splint and lock it in place. The algorithms and consequently the interfaces of the division and closure commands recall the removal of unnecessary parts and creation of ventilation holes, respectively. The outputs of the modeling activity were two STL files representing the two halves of the medical device.




2.3. Production of the Splint Prototype


The splint prototype was conceived to be realized with an instrument able to easily fabricate customized and intricate geometries. Fused deposition modeling (FDM) represents the appropriate process for the intended purpose, as well as being easily implementable in any health care setting. The considered printer was an Ultimaker S5 desktop-FDM (Ultimaker B.V., Utrecht, NL, USA) with a working chamber of 330 × 240 × 300 mm. The technology is equipped with a double extruder: one extruding the primary material and the other extruding the support material. Different sets of print cores were used depending on the print material.



The manufacturing materials were chosen in compliance with the biocompatibility requirements. Splints represent medical devices that interface with the patient’s body superficially, and the contact occurs on intact skin for an extended duration. The indications to which this type of medical device is subjected during the biological evaluation include assessing issues related to cytotoxicity, sensitization, and intra-cutaneous irritation or reactivity [36]. For this type of medical application, some materials identified by the FDA as low-risk materials do not require any testing for pre-market submission [37] and, consequently, were considered in the study. Additional materials not belonging to the above category were taken into account. Composites, such as glass-reinforced and carbon-reinforced polymers, were included in this study given their enhanced properties: high stiffness and strength while maintaining lightness.



ABS, nylon, PLA, and PC filaments were provided by Ultimaker [38,39,40,41], while PA6-GF25 and PA6-CF20 filaments were provided by Polymaker [42,43]. The chosen support material was Ultimaker Breakaway [44], a filament composed of a mixture of PLA and TPU. Besides being compatible with the majority of the selected material, Ultimaker Breakaway is quickly and manually removable at the end of the printing process.



Polymeric filaments, including the support filament, necessitated the utilization of a regular print core (AA-type) that comes with a nozzle size of up to 0.8 mm. Conversely, composite filaments mandate the use of hardened steel print cores (CC-type) designed for handling abrasive or composite materials. These print cores are available with a maximum nozzle size of 0.6 mm.




2.4. Time and Cost Analysis


The overall process time for producing a customized splint device via additive manufacturing included the execution of the activities of limb scanning, splint CAD-model development, and splint printing. The 3D printing task, also considered the most time-consuming activity, was estimated from the STL model of the medical device through a 3D slicing application for 3D printers (Ultimaker Cura). The calculation of the time for printing a splint prototype was performed using specific printing parameters for each selected material filament (Table 2) in accordance with the recommended printing settings [42,43,44,45,46,47,48].



The diameter size of the head nozzle extruding the primary material was chosen to maximize the height of the deposited layers: a 0.8 mm head nozzle was selected for polymeric filaments, while a 0.6 mm was selected for the composite materials. The chosen layer heights, 0.6 mm and 0.45 mm, respectively, implied a considerable reduction in printing time and a rougher surface compatible with the intended solution. The infill density was set at a constant level of 100%, whilst the infill pattern type was set as lines. The chosen printing speed was the default one.



The minimum angle of overhangs for which support material was added was 80°, which reduced the utilization of the support material to a minimum by depositing it just in correspondence of the opening dedicated to the thumb finger. Furthermore, the support material infill density was reduced to 10%, and the pattern type was set as triangles.



The two complementary shells of the splint model were positioned on the printing plane vertically to further reduce the printing time along with the reduction in the consumption of the support material.



Based on existing models specifically developed for estimating the costs involved in the fabrication process of customized orthotics [18], leading cost items were identified. The total cost of a tailor-made orthosis is driven by labor costs and material costs. Machining costs, including technologies purchase cost (3D scanner and 3D printer) and energetic cost, represent a fraction of the overall cost.



Besides labor cost, the most impactful cost item is material cost, obtainable from the information on material cost and material consumed during the 3D printing process. The 3D slicing software for 3D printers, Ultimaker Cura, gave the length value of material extruded during printing. The estimate came from the printing arrangements presented in Table 2, which, in addition to shortening printing times, optimized the amount of extruded filaments, reducing the cost of raw material. In the present research, the computation of material cost components excluded corrections due to factors such as material waste and scrap and fluctuation in raw material prices.



Both time and cost analyses followed the programming of the experiments, design of experiment (DOE), in which two factors, splint thickness and manufacturing material, were varied on 3 and 6 levels, respectively.




2.5. Technical Analysis


The commercial availability of different thermoplastic materials allows the physician to further tailor the splint, keeping in mind that the selection of the most suitable material involves comparing the therapeutic targets with the technical characteristics of the manufacturing material. Conformability, flexibility, durability, rigidity, and design appearance (e.g., ventilation, color, thickness, and finish) [4] are the technical characteristics sought by medical personnel.



Mechanical properties of the medical devices produced with the designed AM procedure were evaluated through the execution of finite element analysis (FEA) using Abaqus. Splint STL models differing in surface thickness were developed during the CAD modeling phase and loaded into Abaqus working space.



The models were subjected to a free technique meshing process: the algorithm automatically adapts the size and shape of the elements to accurately represent the local features, ensuring great flexibility in capturing the complexity of the current geometry. Models were discretized using tetrahedral elements characterized by an approximate global size ranging from 2.5 mm to 5.5 mm depending on the necessity to cope with possible convergence and numerical instability problems during the execution of the simulation. The resulting mesh consisted of a total of 86,743 elements for splint model of 2 mm, 127,455 for splint model of 3 mm, and 140,326 elements for splint model of 4 mm. The number of nodes was 164,583 for splint model of 2 mm, 217,929 for splint model of 3 mm, and 234,339 for splint model of 4 mm.



The mechanical properties of the splint model were tested according to different manufacturing materials. The selected materials were the standard and fiber-reinforced polymeric materials presented in Section 2.3, and the simulations were set up with the material properties [38,39,40,41,42,43] reported in Table 3.



As noted in other bibliographical research [13,20,21], explicit strength requirements are lacking. Additionally, upper limb splints are not subjected to specific and/or elevated mechanical loads; therefore, this study simulated an unintentional mechanical impact. The simulation specifically focused on recreating the collision of the palm region of the medical device against a surface during a patient fall episode while wearing the designed device. Load and constraint conditions were carefully established in order to ensure an accurate representation of the aforementioned scenario. The test was performed by constraining the displacements and rotations of the nodes describing the region close to the distal part of the ulna and imposing a pressure uniformly distributed over the palm surface (with a total magnitude of 500 N). The minimum thickness demonstrating sufficient strength was identified for each material. Additionally, displacements affecting the wrist area were reported. The recorded results were attributable to the system consisting of the mere splint, meaning that the tests were performed without simulating the presence of the arm inside the medical device.





3. Results and Discussion


3.1. Results


Following the methodology presented in Section 2.2, from a single 3D acquisition, three splint models were designed. All the splint models include a pattern of rhomboidal holes designed to facilitate the ventilation function and lighten the entire structure. The modeling parameters during the CAD stage were kept unchanged except for the offset parameter, which is responsible for creating the solid shape of the scanned surface. Therefore, the three splint models present the same general conformation, while the surface thickness was varied by 2, 3, and 4 mm, respectively. The time, cost, and technical analyses were based on the use of 6 different manufacturing materials, thus, resulting in a total of 18 splint combinations.



As presented in Section 2.4, the splint models were evaluated in terms of time and costs, leveraging the Ultimaker Cura slicing software version 5.3.0. The printing time (Figure 3) and the amount of extruded material (Table 4 and Table 5) of the 18 splint combinations were simulated. From the information on the extruded material, the material weight and material cost (Figure 4) were derived. The material weight considered only the manufacturing material, whilst the material cost also included the cost component of the support material.



Technical analysis was performed: FEA provided the predicted stresses and displacement distribution maps of the wrist immobilization splint, which were consistent across all scenarios given their sole dependence on geometric factors. For each experiment, the expected maximum stress value was recorded in correspondence of the opening area dedicated to the thumb finger, as shown in Figure 5. The maximum values of stress were averaged to 64 MPa for a splint configuration of 2 mm, 28 MPa for a splint configuration of 3 mm, and 18 MPa for a splint configuration of 4 mm. The results are presented in Figure 6 where they are compared to the UTS of each manufacturing material in order to identify the splint combinations capable of withstanding the simulated accidental mechanical impact: the maximum stress values exceeding the material UTS result in splint failure. It is critical to mention that all 18 splint combinations, near the apexes of the ventilation holes, showed a stress intensification effect, which might be limited through the implementation of a fillet radius on every angle of the rhomboidal shape hole.



Concerning displacements, the distribution maps of the 18 splint combinations followed a pattern like the one depicted in Figure 7. Table 6 reports the range of the displacement values impacting only the wrist area.



Figure 8 summarizes the key characteristics taken into consideration in the analysis: material cost, weight, printing time, UTS, and rigidity. The figure represents a collection of customized polymer and composite wrist splints in AM characterized by the minimum thickness that allows the part to resist the simulated accidental impact. Precisely, the considered splint configurations were ABS and nylon with a 4 mm surface thickness, PLA and PC with a 3 mm surface thickness, and PA6-GF25 and PA6-CF20 with a 2 mm thickness. The final selection of the six different combinations of materials and thicknesses was based on the safety factor, a numerical value calculated by dividing the UTS of the material by the maximum expected stress experienced by the medical device (respectively to 64 MPa for a splint configuration of 2 mm, 28 MPa for a splint configuration of 3 mm, and 18 MPa for a splint configuration of 4 mm). The considered safety factor was 1.25, and according to some literature studies [49,50], it was identified as the appropriate minimum value for rehabilitation devices. Regarding the nylon splint, this arrangement was included for comparative purposes only in light of the inadequate results obtained from the displacement distribution maps.




3.2. Discussion


The analyses conducted on the printing times of the wrist immobilization splints showed that with the considered 3D printing technology (Ultimaker S5 FDM), the material deposition time varied significantly depending on the selected material type and layer thickness. In particular, the material deposition time ranged from a minimum of 2.2 h and a maximum of 6.4 h.



The analysis conducted with the slicing software demonstrated that the estimated times were the result of the sum of multiple components, and the overall time value was attributable to a few leading time components, such as the outer and inner wall deposition and retractions (movement of the head nozzle with the function of avoiding the stringing effect). The time component related to the deposition of the support material did not fit into the aforementioned leading time components since its value was modest as a result of the optimized printing parameters (support overhang angle = 80°) and optimized printing orientation (vertical orientation in the top right quadrant of the printing plane). In fact, for each splint configuration, the recorded support value was always below 8% of the whole printing time.



The composite materials, PA6-GF25 and PA6-CF20, presented by far the highest printing values due to a technical constraint: a narrower FDM nozzle diameter resulted in a reduction in the deposited layer height from 0.6 mm to 0.45 mm. Thus, composite materials demanded a printing time of at least 4.5 h just to realize the thinnest thickness (2 mm). In contrast, for the same level of thickness, the polymeric materials required a shorter printing time, ranging from 2.2 h to 2.8 h. Additionally, the composite printing time was lengthened by the post-printing annealing: it is recommended to anneal (oven at 90 °C for 2 h) the composite prototypes to improve their mechanical and thermal properties. Polymeric prototypes do not require any annealing processes.



With respect to the cost analysis, the value of the total material cost was given by the sum of the manufacturing material and support material cost components. The aggregate material cost ranged from 6 EUR for 2 mm thickness wrist splints manufactured with ABS or PLA to over 30 EUR for 4 mm thickness wrist splints made of composite material.



Comparably to the above-mentioned discussion on the deposition time of the support material, the contribution of the support material component to the total material cost was almost negligible as the amount of support material extruded was minimized. The amount of deposited support material might be subjected to variations due to its close dependence on the model geometry resulting from the scanning and modeling activities. In the present instance, deposition of the support material occurred only at the closures and the opening area dedicated to the thumb finger. The following designs of fastening systems should focus on the realization of systems involving elements that do not protrude from the primary splint structure (e.g., an interlocking closure on the interaction surfaces of the two splint shells). Further adjustments to the opening dedicated to the thumb finger are desirable: the shape of the thumb opening must limit the creation of downward-facing surfaces. These improvements would assure the complete removal of the supporting material, thus eliminating all the issues related to the use of the support material, primarily the prolonged printing time and the rougher surface finish of the areas in contact with the support. Although the support material was used, the main structure of the wrist immobilization splint was still able to self-support during the 3D printing activity.



As a result of the cost and time assessments on the innovative methodology, an advantage in terms of material cost was evident compared to traditional splinting, both pre-manufactured splints and tailor-made splints. Concerning production time, the 3D printing times were substantial, thus making the innovative methodology unfavorable compared to conventional solutions at first glance. To some extent, this drawback might be mitigated through the use of more performant AM technologies that are able to reduce material deposition time. Notwithstanding, when comparing the production times of the traditional procedure with the AM methodology, additional remarks that deviate from the mere amount of time should be made. In particular, it should be noted that the medical application under investigation addresses non-emergency clinical conditions (such as carpal tunnel syndrome, tendinitis, and arthritis). Therefore, from a clinical point of view, there are no real drawbacks associated with the prolonged production time. With no time constraint, the medical solution might be delivered to the patient at a later time (e.g., after an election visit or after a surgical operation) following the limb scanning and splint design. In support of this thesis, it must be noted that the physician’s contribution lies in the scanning and modeling activities. In fact, the active presence of the physician during the 3D printing phase is not mandatory (except for the start-up and the shutdown of the AM machine), as the process is fully automated. Along with the discussion of the applicability and sustainability of the AM splinting process within the clinical practice viewed in terms of production time and material costs, technical aspects aimed at defining the feasibility and functionality of the derived medical devices were considered. Simulations determined the opening area dedicated to the thumb finger as the area of potential fracture. Wrist splint configurations unable to withstand accidental mechanical impact (500 N) were excluded as inadequate at providing a sufficient immobilization function of the wrist joint. The prototypes fabricated with composite materials (PA6-GF25 and PA6-CF20) were the only splint configurations able to resist the simulated mechanical impact at every surface thickness. As for prototypes fabricated with polymeric material (ABS, nylon, PLA, PC), the splint configurations with the smallest surface thickness (2 mm) were not achievable because the maximum recorded stress value exceeded the material UTS. By increasing the thickness to 3 mm, all polymeric prototypes were able to withstand the impact. However, it should be noted that in some cases, like the ABS and nylon prototypes, the maximum stress values were not so different from their UTS such that it is preferable to discard these solutions in favor of wrist splint configurations characterized by a greater thickness. From the stress distribution assessment, the selected splint configurations were ABS and nylon with a 4 mm surface thickness, PLA and PC with a 3 mm surface thickness, and PA6-GF25 and PA6-CF20 with a 2 mm surface thickness.



In addition to the simulations that determined whether the wrist immobilization splint undergoes a rupture, considerable importance was paid to the displacement parameter. The ability of the medical device to provide an adequate immobilization function must assume a limited value of element displacements from their initial location during the execution of the accidental mechanical impact. Technical evaluations reported that the greatest displacement was recorded in correspondence to the extremity of the palm with considerably less impact on the wrist area. As expected, a lower surface thickness exhibited greater displacements. Under the same value of surface thickness, materials characterized by greater flexibility exhibited greater displacements. Specifically, excessive displacement values were registered in customized wrist splints made of nylon (including the configuration presenting a surface thickness of 4 mm), thus undermining their effective immobilization functionality.



Along with the stress and displacement distribution maps, other technical aspects (generally sought by the physician during the traditional fabrication of a customized splint) were involved in the discussion. Observations were made on the conformability and design appearance (e.g., ventilation and thickness) aspects.



Conformability, or the ability of the splint to intimately fit the patient’s arm, no longer depends on the choice of LTT material and the physician’s expertise. Conformability is intrinsic to the process as the customized device is nothing more than a replica of the morphology of the patient’s arm.



Another aspect concerned the perforations, which are intended to favor air exchange while simultaneously reducing the weight of the medical device. Although several LTT materials with various perforation patterns are commercially available, the use of these materials requires extra precaution (e.g., LTT stretching should be limited to not distort hole patterns nor impact the forecasted pressure and strength distribution). The implementation of ventilation holes was facilitated and standardized in the design of a customized splint via AM. Recalling the objective of this study and taking into consideration that the stresses to which the splint was subjected were concentrated in a small portion of the hole, the adoptable configuration was the one with rhomboid-shaped ventilation holes. Other geometries of ventilation holes, such as ellipsoidal or rectangular holes with rounded corners, completely reduced the effect of stress concentrations. However, it should be envisaged that these configurations require the use of additional support material near the holes to avoid the collapse of the structure during printing, thus increasing the 3D printing time. The pattern of rhomboid-shaped ventilation holes was distributed over the front and back surface of the wrist immobilization splint away from the joining zone of the two halves. Future research should take into consideration the possibility of optimizing the hole distribution according to topology, meaning that the configuration should maximize lightness as a function of strength.



A last consideration regarded surface thickness: commonly, the thickness of a film of LTT material is about 3 mm even if thicknesses of 2 and 4 mm are available as well. The customized AM wrist splints achieved thicknesses comparable to those realized with LTT materials with the advantage that the choice of thickness depended only on the desired level of strength and not on the expertise of the medical operator. Conversely, regarding customized orthoses with LTT materials, it is recommended that physicians with less experience use greater thicknesses, as these are more easily moldable.



As anticipated in Section 3.1 (Figure 8), all the quantitative results derived from the analyses were gathered together in a comprehensive diagram that may assist medical operators in the process of selecting the most appropriate configuration of a wrist splint according to some key characteristics: material cost, weight, printing time, UTS, and rigidity. Although, from the comparative analysis of each variable, wide differences in the splint configuration chosen were visible, in reality, there was no splint configuration that prevailed in absolute terms.



To conclude, the first 3D-printed prototype for wrist splint immobilization is presented in Figure 9: the shells were not subjected to surface treatments, and the closure system was integrated with elastomer rings.





4. Conclusions


The present study developed an innovative manufacturing technique for designing and fabricating highly customized wrist immobilization splints. The process integrated the concepts of RE and AM to overcome the issues associated with conventional prefabricated and tailor-made splints and their manufacturing techniques. In particular, the newly developed methodology addresses the variability induced by different levels of medical expertise by structuring and standardizing the splinting process while providing medical devices characterized by a steady high standard of quality and a high degree of customization.



The commercial availability of different thermoplastic materials allowed the physician to further tailor the splint, keeping in mind that the selection of the most suitable material involved a comparison of the therapeutic targets (specific to a pathological wrist condition) to a series of additional aspects, ranging from the cost and time dimensions to the technical dimension. In this regard, the present study proposed a model for conducting a comparison of the different wrist immobilization configurations that may assist medical operators in choosing the most suitable solution. From the comparative analysis, no splint configuration prevailed over the others. Additionally, cost analyses demonstrated the competitivity of the proposed methodology and medical solutions compared to the traditional procedure, while the advantages related to production time were arguable.



Future works will focus on the aspect of product optimization. Specifically, new designs of fastening systems will be revised. Additionally, refining the wrist immobilization splint will be investigated through the execution of topological optimization; starting from an initial design, the simulation will be aimed at minimizing the overall weight or volume of the wrist splint while ensuring mechanical strength.
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Figure 1. Position of the patient during the reconstruction of the wrist geometry. The blue rectangles identify the position of the supports providing stability. 
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Figure 2. Flowchart of the guided modeling operations. 
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Figure 3. Printing times for producing a customized wrist immobilization splint as a function of the material type and thickness. ABS, nylon, PLA, and PC filaments used a head nozzle of 0.8 mm in diameter, while PA6-GF25 and PA6-CF20 used a head nozzle of 0.6 mm in diameter. 
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Figure 4. Total material cost for producing a customized wrist immobilization splint as a function of the material type and thickness (the values include both the manufacturing material component and the support material component). 
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Figure 5. Von Mises stress distribution for PC wrist immobilization splint with a 2 mm thickness. 
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Figure 6. Maximum value of stress experienced by the splint model according to splint thickness (2, 3, 4 mm) compared to the UTS of each material type (ABS, nylon, PLA, PC, PA6-GF25, PA6-CF20). 
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Figure 7. Displacement distribution for PC wrist immobilization splint with a 3 mm thickness. 
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Figure 8. Comparison of the main characteristics of the wrist immobilization splint made in polymeric and composite materials. 
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Figure 9. Prototype of wrist immobilization splint made of PLA with a 3 mm surface thickness. 






Figure 