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Abstract

:

3D scanning, 3D printing, and CAD design software are considered important tools in Industry 4.0 product development processes. Each one of them has seen widespread use in a variety of scientific and commercial fields. This work aims to depict the added value of their combined use in a proposed workflow where a customized product needs to be developed. More specifically, the geometry of an existing physical item’s geometry needs to be defined in order to fabricate and seamlessly integrate an additional component. In this instance, a 3D scanning technique was used to digitize an e-bike’s frame geometry. This was essential for creating a peripheral component (in this case, a rear rack) that would be integrated into the frame of the bicycle. In lieu of just developing a tail rack from scratch, a CAD generative design process was chosen in order to produce a design that favored both light weight and optimal mechanical behaviors. FDM 3D printing was utilized to build the final design using ABS-CF10 materials, which, although being a thermoplastic ABS-based material, was introduced as a metal replacement for lighter and more ergonomic component production. Consequently, the component was manufactured in this manner and successfully mounted onto the frame of the e-bike. The proposed process is not limited to the manufacturing of this component, but may be used in the future for the fabrication of additional peripheral components and tooling.
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1. Introduction


The demand for customized and tailormade products in very small batches (or even sometimes as single components) is not time and cost effective when traditional manufacturing techniques are being used. For example, the injection molding technique needs the presence of the specified mold (that is dependent on the shape of the component and any alterations on the design require the fabrication of a new mold) that takes weeks to be fabricated and its cost is high [1]. Therefore, its use for single components and small batches has many drawbacks. A CNC milling device could be an alternative for customized and tailormade products in very small batches (or even sometimes as single components). However, in this technique, a high percentage of material waste is created due to its subtractive modus operandi and a high user expertise is also required [2]. In conclusion, while both methods have the ability to create high quality parts, they have many restrictions for their widespread adoption by single users or SMEs (small- and medium-sized enterprises).



In order to address the aforementioned limitations, a new construction method was introduced for prototyping. This method integrates the construction of 3D solid objects from a digital CAD file. This is achieved by using the Additive Manufacturing (“AM”) method whereby the deposition of successive layers of material leads to the final creation of a real physical object. Each layer can be visualized as a thin horizontal cross-section of the final product. This technology is also known as “3D printing” and allows for a quick and easy transition from a CAD design to the manufacturing of physical objects. Its contribution to bridging the gap between product design and prototyping time is enormous, hence the term “rapid”. This technology is often described as “the third industrial revolution” [3,4] and through a series of technical advances can nowadays also be described as a method of manufacturing end-use products [5,6].



Modern additive manufacturing dates back to the 1980s with the first mention of stereolithography. Technological innovations in home computing and the increased availability of industrial lasers led to the development of many new AM processes in the late 1980s and 1990s [7]. Some of the processes considered AM processes are Selective Laser Sintering (SLS), Fused Deposition Modeling (FDM), and Stereolithography (SLA). In the following years, AM processes were used in many fields such as aerospace, medical sciences, energy production, automotive production, and consumer goods [8,9,10,11,12,13,14]. Figure 1 depicts a desktop FFF (Fused Filament Fabrication) 3D printer.



On the other hand, the issue of obtaining accurate 3D data from real-world objects, especially when they are more complex than simple geometric shapes such as spheres or cubes, is a major challenge. The problem has been difficult to solve in the past and approaches have been time consuming. The development of powerful computing systems and digital measuring devices has resulted in an ever-evolving market for 3D scanners. These systems allow the capture of geometric and color information carried by objects within a minimum time frame. The principles guiding their operation are based on the geometric axioms and functions that will be discussed in more detail below. This ability is of paramount importance in cases where a customized component needs to be fabricated, because the exact topological features of the installation site can be acquired swiftly. A 3D scanner can be defined as any device capable of automatically collecting 3D coordinates from a given area on the surface of an object [15,16,17]. This method is usually performed at high speed, with hundreds or even thousands of sample points collected per second. This allows a real-time scanning process that can also distinguish between different colors and textures. The mode of use of such a device may be fixed in a particular location, on a classic, photography tripod or on a similar type of transportable base. One of the main reasons why 3D scanners are growing in popularity is because of the tremendous improvement in computer hardware for creating real-time 3D graphics. The ability to efficiently handle complex 3D geometries on low-cost platforms is useful for visualizing detailed and accurate 3D models generated by scanning devices [15]. The goal of all studies is to minimize the time required to capture objects while maintaining high fidelity of results. Figure 2 depicts a handheld 3D scanner.



Additionally, CAD (Computer Aided Design) software packages offer the ability to design virtually any shape and geometric form for users and enterprises. The final generated CAD file can be directly inserted to the 3D printer’s slicing software and, thus, fabricate the final custom object as mentioned earlier. An evolution of this procedure, is the so called “generative design”. Generative design can be described as a technique of design experimentation. Designers or engineers enter design objectives into the generative design program together with variables like performance or space requirements, materials, manufacturing processes, and cost restrictions. The program swiftly generates design alternatives by exploring every variation of a potential solution. With each iteration, it tests new ideas and learns when the design performs better and when it does not. At the end of the process the program presents the optimal solution [18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36].



In this context, the use of CAD design software along with generative design characteristics and 3D printing techniques can immensely contribute towards fabricating customized, tailormade components that are able to meet highly specified operating demands. The simultaneous use of 3D scanning techniques in this procedure allows the swift digitization of already existing items, that might be difficult or time consuming to design. In this work, the 3D scanning of a complete bicycle assembly allows for the swift digitization of the bicycle and also allows the seamless design of peripheral components that will be attached on specified spots of the bicycle. In this way, the design process is accelerated and the incorporation of the peripheral components is flawless, since the bicycle and peripheral components are being viewed as a digital assembly of components with guaranteed functionality that can be checked manually.



Bicycles are a quite common means of transportation. The number of bicycles on the planet today is estimated to be over one billion [37]. A particular characteristic of bicycles is their ability to meet a number of different requirements, such as mobility, sport, and leisure. In its classic form, the bicycle consists of two wheels, one behind the other, connected by a metal frame. Other key parts of a typical bicycle are the handlebars, the saddle, the transmission, and the brakes. A number of accessories are used as additional peripheral components, considered essential for the functionality of the bicycle.



Several cities around the world are promoting the use of bicycles as a basic means of transport. In Europe, Amsterdam, Copenhagen, and Barcelona are typical examples. The creation of a network of cycle lanes (cycle paths) and parking spaces for bicycles are key indicators of facilitating the use of bicycles. Cycling enthusiasts believe that cycling can be the solution to the severe transport problems that characterize most large cities. This tendency fits well in the concept of “micro-mobility” which is a new trend that is changing the lives of city dwellers. Increased traffic, congestion, and ecological awareness are prompting more and more people to turn to micro-mobility, which, as things stand, has become a regular feature of our daily lives. Their main arguments are that cycling does not cause traffic congestion, requires minimal parking space, can be used off-road, and does not pollute the environment in any way [37,38,39,40,41,42,43,44,45,46,47,48,49,50,51].



According to a McKinsey survey of 6000 citizens aged 18–65 who use forms of micro-mobility at least once a day, almost 70% of citizens said they would like to use a bicycle, moped (electric or traditional), or electric scooter for their daily commute, either exclusively in the urban fabric of the city or in combination with their car. In Italy, 49% of citizens preferred cycling for their daily commute, while 42% of French people shared the same choice [52]. An electric scooter was chosen by 13% of Italians, 18% of French people, and 13% of Germans and English people. The survey results show that an increasing number of people are willing to adopt micro-mobility as their preferred means of transport from home to work, as long as the appropriate infrastructure is in place, as well as appropriate education by users (e.g., helmets). The more micro-mobility increases, the less pressure there will be on the roads and the lower the emission rates. The willingness of consumers to use micro-mobility devices varies considerably from country to country. The willingness to use micro-mobility is strongest in countries with a long tradition, for example, in China (86%) which has always used and still uses bicycles and Italy (81%). In contrast, in the US, where cars have dominated and continue to dominate, micro-mobility is at low levels. Finally, electric bicycles offer greater autonomy and are easier to store than mopeds, which are particularly popular in China. Public transport can also play an important role in increasing forms of micro-mobility, as it can encourage the use of micro-mobility means by providing transport modes for these means.



Currently, there is a broad range of different bicycle types such as racing bikes, city bikes, mountain bikes, BMX bikes (short for ‘bicycle motocross’), long-distance touring bikes, folding city bikes, electric bikes (also referred as e-bikes), fat bikes (these are bicycles with large and wide wheels), and classic bikes. E-bikes tend to have a continuously increasing market share, due to their ease of use in a city environment [53]. These are bicycles of similar dimensions to the folding ones which are equipped with a generator and batteries. With a rationale similar to that of electric cars, the inventors of this category use pedaling as a source of energy. By pedaling the cyclist charges the battery, and so in cases where the system senses, through embedded sensors, that the bicycle needs more impetus, such as during at the start or uphill, the battery provides extra power to the bike, helping the rider [54,55].



Even though bicycles can be initially considered as simple designs and component assemblies, a number of requirements/parameters have to carefully considered while designing and manufacturing a bicycle [56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71]. These can be:




	
The actual use of the bicycle (mountain bike, road bike, etc.).



	
Restrictions on certain dimensions in order for the bicycle to be compatible with the majority of components offered on the market.



	
The correct dimensioning of the frame in order to comply with the UCI regulations.



	
The choice of the appropriate materials and the corresponding design in order to make the frame compliant with international standards (iso, din, ebfe) and exhibit low weight and optimal mechanical behaviors.



	
The correct aerodynamic behavior of the bicycle in frontal and lateral wind impacts.



	
The ergonomics of the frame, so that the rider can exert the optimum force on the bike in order to achieve the best possible performance at all times.



	
Cost constraints.








In the same context, the complementary/peripheral components of a bicycle need to also exhibit similar characteristics. These can include (but not limited to) low weight, aerodynamic features, optimal mechanical behavior while remaining affordability for the average rider. A number of such components is needed when riding a bicycle. Example of such components are front and rear lights, luggage racks, smartphone cases, speedometers, pumps, spares and tools, mudguards/fenders, bottle cages, etc. Since these components are attached onto the bicycle while riding, their ergonomic characteristics are of paramount importance to the rider due to their immense contribution in the general riding experience for the user [35].



However, an important question that arises is how these peripheral components are being seamlessly integrated into the bicycle. A partial answer to that question is that these peripheral components are being advertised as “universal fit”, meaning that they can be installed on any bicycle type. This claim, nonetheless, raises other questions. How can the same peripheral component be simultaneously installed on a road racing bike and a mountain bike when their frames and handlebars are of completely different designs and shapes? Or, how can the same component be equally aerodynamic for a road bike, sturdy and tough for a mountain bike, and energy efficient for an e-bike? Literature findings suggest that different bike categories are being designed and manufactured taking into account completely different design demands. Therefore, to the authors’ opinion, these components have to be highly customized and tailormade in order to meet the strict demands of every different bicycle category.



In this work, the fabrication of a customized tail rack for an already-existing e-bike is described. A tail rack is very important peripheral component for a bicycle, especially for a bike that has an urban and commuting orientation. A tail rack allows the rider to attach her/his personal belongings to the rack and in this way reduce personal fatigue by carrying a backpack, while lowering the center of gravity of the whole rider/bicycle mass. 3D scanning techniques were employed for digitizing the bicycle frame and greater assembly, while CAD software with generative design characteristics were used in order to achieve the final optimized geometry according to the specified needs that the component has to fulfill in its service life. In order to fabricate the final physical component, 3D printing methods were employed.




2. Materials and Methods


As mentioned earlier in the manuscript, the technologies used in this work are 3D scanning, 3D printing, and CAD software with generative design features. In this section, all relevant information about the aforementioned techniques are listed.



The 3D Scanner that was used to capture the physical geometry of the bicycle was the model “Eva” from the company Artec 3D®. The scan data helped to visualize the finished part of the tail rack on the bike, as well as provide a starting point for precise measurements to be taken. Having an accurate scan model ensures that the rack mounts are placed exactly where they should be. Taking that into a close consideration, the scanner “Eva” using the technique of constructed light and two offset cameras is able to achieve accuracy up to 0.1 mm (0.1 mm is the distance between the points of the point cloud, the smaller distance implies greater mesh quality) and capture texture quality up to 1.3 MP (megapixel). Figure 3 depicts the proposed 3D scanning process flowchart.



The 3D CAD software that was used for the design process of the part is Fusion 360® by the company Autodesk®. Fusion 360® offers a variety of CAD tools that help the designer to achieve the desired outcome. Some of the key features of the Fusion 360® software is the ability to design a 3D model, make use of the generative design, and topology optimization tools that the software offers and at the same time, test each and every one of the iterations that was created on a state-of-the-art simulation environment. Figure 4 depicts the proposed design process flowchart.



The 3D printing equipment and materials used for the fabrication of the customized tail rack component are the following. In order to ensure proper fit on the bicycle frame and verification of the topology-optimized design, the authors chose to fabricate a prototype and a final end-use item.



The prototype was fabricated using a desktop FFF 3D printer that featured a removable top cover, thus providing the ability to use a variety of materials. The option of installing the top cover allows a passive temperature build-up inside the printer’s chamber that is crucial for the successful use of materials like ABS. In this context, the 3D printer used for the prototype fabrication was a Raise 3D Pro 2 Plus® and the material was ABS “Fusion” from the Innofil® range by the manufacturer BASF®. The processing parameters used were 250 °C for the hot end temperature and platform/bed temperature was set to 100 °C according to the manufacturer’s instructions. The speed was set to 60 mm/s and the infill percentage selected was 100%. The material choice for the prototype was made in the sense that if the prototype was successful in terms of fitting and dimensional accuracy, it could serve as an end-use product as well. According to the structural analysis that the authors have conducted, a tail rack made out of ABS can successfully withstand potential stresses. Table 1 depicts the aforementioned process parameter settings.



On the other hand, the final end-use item was fabricated in a closed chamber FDM 3D printer provided by Stratasys®. The main advantage of this 3D printer is its actively heated chamber and hot end capabilities (ability to reach a high temperature) that guarantees a better printing result. Additionally, the option to use dissolvable supports and a range of sophisticated materials provides more choices to the final user. In this context, the material used for the fabrication of the end-use product was ABS-CF10 material along with Stratasys QSR dissolvable support materials. Despite being a thermoplastic ABS-based material, ABS-CF10 was introduced as a material that can replace metal for lighter and more ergonomic component fabrication. The material is described as lightweight, strong, and stiff due to being more than 50% stiffer and 15% stronger than standard ABS, according to the manufacturer. The processing parameters used were material specific in the dedicated slicer software according to the manufacturer’s instructions and the infill percentage selected was 100%. The QSR dissolvable support material percentage was set to the “Smart” option, ensuring the lowest possible support presence along with proper support performance. The QSR dissolvable support was removed in a dedicated heated Stratasys support removal system (Stratasys SCA-3600 HT) that was filled with still water and Stratasys EcoWorks® cleaning agent (in the form of tablets) in a concentration of 1 tablet per 7.5 L of water. Table 2 depicts the mechanical properties of the two materials. The e-bike is made by the “Samebike®” company and features a 500 W high-speed motor. The aforementioned equipment for the final end-use item fabrication was offered by Bluelab makerspace in Piraeus, Greece.




3. Results


This section exhibits all the stages from designing the initial item, to its final fabrication by employing 3D printing methods. The first figures depict the 3D scanning results of the e-bike’s frame. The geometrical data collected from this stage were of paramount importance in designing the connecting parts of the peripheral component (tail rack) with the frame. The next figures depict the designing process of the tail rack where generative design techniques were used, as well as the simulation process where the item was tested for its mechanical behavior in the application of relevant loads. In the continuation of this section, figures depicting the 3D slicing process of the generated final CAD file are shown, where the designed part was virtually placed and sliced into successive layers in order to be fabricated. In this stage, all relevant 3D printing process parameters were set according to the material used and the unique geometrical features of the design. Finally, in the last figures of this section, photos from the actual 3D printing fabrication are included.



3.1. The 3D Scanning Process


The initial 3D scan results obtained from the 3D scanning procedure of the e-bike’s frame also included feature texture (color), and were processed in the dedicated 3D scanner’s Artec Design Studio® v.17 software. Figure 5 depicts the digitized version of the physical e-bike.



The generated digital file from the 3D scanning process was then imported into the work environment of the Fusion 360® software in order to perform section analysis. This process assists in selectively simplifying the generated mesh of the file. Figure 6 depicts a screenshot of the process.



The post-processing actions continued with further simplification of the mesh file with the reduction of triangles and a split of the 3D body, leaving only the area that the designer requires as a reference for visualization and measurements. Figure 7 depicts the result of the aforementioned actions.




3.2. Generative Design Process


The generative design process was initiated at this stage. Generative design is an approach that utilizes computational algorithms to produce design solutions. There are several principles and rules of generative design that guide its implementation. Firstly, generative design aims to optimize performance based on the given constraints and objectives. This involves defining the goals of the design and specifying the parameters and constraints that need to be considered. Secondly, generative design is based on the principle of iteration, whereby multiple design options are generated and evaluated iteratively to arrive at an optimal solution. Another important principle is the use of generative algorithms to automate the design process and generate designs that are beyond human capabilities. Finally, generative design encourages the use of feedback loops to continuously improve the design, incorporating user feedback and adjusting the parameters to achieve better results. Figure 8 depicts the first iteration of one of the tail rack mounts, using the existing mesh geometry as a reference for measurements and object placement.



The generative design and simulation processes were carried out in Fusion 360® software. Highlighted with green color are the areas that the software will try to connect with the most optimal path using criteria such as mechanical strength, weight, manufacturing methods, and material of the generated part. Indicated with red color are the areas that the part will have to avoid, taking into close consideration clearances for the wheel and other obstacles such as the disk brakes. Last but not least, visible with yellow and blue arrows are the gravity force and the bike rack load force, respectively, as shown in Figure 9. The load that was applied in this simulation was 800 Newtons that implies approximately 800 N of load.



According to generative design modus operandi, the software generates different types of parts and improves them in each iteration. In the figure above, some of the process can be observed and the improvements are dramatic. As we can see, generative design uses a technique similar to topology optimization. For starters, a rough model of the part is generated and in iteration after iteration, mass is subtracted to achieve maximum mechanical properties with the least amount of material. The process took 29 iterations and the final part is shown in Figure 10 below.



The outcome of the generative design process is a T-spline solid body. This type of 3D model is easily modified in the Fusion 360® modeling workspace. Thus, further improvements and adjustments were implemented by the designer for the creation of the final product as depicted in Figure 11.



For fit and finishing purposes, the final product was digitally placed on the e-bike scanned model to ensure the compatibility as well as the accuracy of the rack mount. In this way, potential design mistakes can be swiftly detected. Another advantage of this technique is that it aids in the visualization of the real life product fit, as depicted in Figure 12.




3.3. Simulation Process


In the simulation workspace of the Fusion 360® software, the part was tested using a static stress simulation, using the holes where the rack will be mounted with screws on the bike as fixed constrains. The force of stress in this simulation was 800 N ≈ 80 kg as seen in the figures below. A number of studies were generated in this environment consisting of a safety factor study, stress study, displacement study, reaction force study, strain study, contact pressure study, and contact force study. All of the studies corroborated the fact that the generative design procedure created an optimized part.



Figure 13 and Figure 14 are screenshots from the simulation environment of Fusion 360. Figure 13 visualizes the safety factor study, showing a minimum of 2.736, which is an exceptional outcome in consideration of the 800 N force that was applied on the rack. Figure 14 shows the stress study. We can observe that the most vulnerable part of the rack is the rack mounts, where a stress of 7.31 MPa was applied.




3.4. 3D Printing Process


Upon the finalization of the design and simulation processes, 3D printing of the designed part was conducted. As previously mentioned, a test/prototype part was fabricated in order to validate the designing process and to serve as a fit test. The final end-product was chosen to be the result of a separate 3D printing work with a different material, as stated earlier in the manuscript.



In this context, the test/prototype part was 3D printed using a Raise3d Pro2 Plus® FFF 3D printer. The material used was Innofil® ABS Fusion by BASF®. The processing parameters used in the 3D printing operation were the ones dictated by the manufacturer of the material (250 °C for the hot end temperature and 90 °C for the heated platform), while the speed was set at 60 mm/s and the retractable top lid was installed. To achieve optimal layer adhesion, the orientation of the print played a major role in obtaining good mechanical properties. With that in mind, the part’s geometry was designed to be printed vertically, in order to withstand the mechanical forces of the relevant application. Thus, all angles of the model were designed to be above 65 degrees in that orientation, enhancing printability, requiring less support material, and making it easier to print overall. For the slicing process, Ultimaker Cura slicing software was selected. Figure 15 shows a screenshot of the slicing process with the 3D model virtually placed in the 3D printer’s building volume, while Figure 16 shows the actual 3D printing process.



As far as the end-product is concerned, a Stratasys® F270 FDM 3D Printer with heated chamber was used. The material used was ABS CF10 by Stratasys®. The processing parameters used in the 3D printing operation were the ones dictated by the manufacturer of the material (in this case the dedicated slicing software does not allow the user to select). For the slicing process, the dedicated GrabCad Print® slicing software from Stratasys® was used. Figure 17 shows a screenshot of the slicing process with the 3D model virtually placed in the 3D printer’s building volume.





4. Discussion


Upon the completion of the fabrication process, both the prototype and the final peripheral component end-product were sequentially installed on the e-bike’s frame. In both cases, the fit proved to be flawless and the process can be characterized as successful. At this point, it is important to mention that the dimensional tolerance of the scan data was cross-referenced with the measurements of a caliper at critical points such as the width of the fork and the positions of the holes, among others. The use of the 3D scanner was crucial because it helped speed up the measuring process of the 3D dimensional part. The same work could be accomplished with the use of a caliper and laser inclinometer, but there would be more room for human error while changing the position of the measuring tool. Moreover, the rear end of the bike would have to be disassembled for the measuring tools to fit correctly. Figure 18 shows the installed component that now serves as end-product on the e-bike.



As stated earlier in the manuscript, the authors decided to use ABS-CF10 material which, despite being a thermoplastic ABS-based material, was introduced as a material that can replace metal for lighter and more ergonomic component fabrication. In principle, this claim sounded unrealistic a few years ago. However, this material category which uses a thermoplastic matrix reinforced by the presence of fibers or powder (carbon fibers in this case) is very promising in the sense of exhibiting similar properties to metal alloys. Another advantage of this material category is its ease of processability. Being able to utilize such materials in regular FDM 3D printers offers a great potential to end-users that do not have the infrastructure to fabricate metal parts.



With the principal of design for manufacturing in mind, the authors made the choice to digitally split the end product into two parts. This action offered the ability to print this large volume 3D product on smaller 3D printers as they are more widely available to the public. Another advantage of the two smaller parts is the option to print them in two separate 3D printers and practically cut the production time in half. To ensure that the new split product will maintain optimal mechanical properties, some additional design implementations had to be included. Firstly, pre-tapped holes were implemented in the existing design. These holes will guide stainless steel bolts that will hold the two parts firmly together. In addition, epoxy-based adhesive was applied on the surface where the two parts touched. This technique added an approximately 30 Mpa adhesive strength between the two parts according to literature reports [72]. To cross-reference the mechanical properties of the new split design compared to the solid part, an additional simulation was created. The results of the simulation were very promising; the reduction of the mechanical behavior of the split design were insignificant and the finished product was almost as strong as the solid one. The reason behind the results of the simulation is the placement of the “cut”. Instead of just adding a plane cut to the model, the choice was made to apply a T pattern cut, drastically increasing the adhesion surface. That implementation led to better adhesion and greater mechanical properties.



Based on the presented workflow, the combination of 3D scanning, 3D printing, and CAD generative design methods proved to be very valuable in terms of allowing the swift and precise fabrication of custom end-use products. In this way, the research and development process time are minimized while the fabrication process is faster. In addition, the introduction of new composite materials that feature a thermoplastic matrix allow their use in regular FDM and FFF 3D printers that are widely available and are continuously progressing and evolving over time.



An interesting aspect could concern how small- and medium-sized enterprises (SMEs) can adopt the proposed methodology, by incorporating 3D printing, generative design, and 3D scanning. Firstly, SMEs should first identify their needs, such as prototyping or product design, that can be addressed by 3D printing, generative design, or 3D scanning. Then, after identifying their needs, SMEs should research different 3D printing, generative design, and 3D scanning technologies, their capabilities, and their costs. Based on their research, SMEs should evaluate their options and choose the most suitable technology for their needs and budget. Consequently, SMEs should invest in relevant hardware and software. This includes 3D printers, 3D scanners, generative design software, and CAD software. Employees should be trained on how to use the hardware and software by hiring experts or outsourcing training services. Another step can be the implementation of pilot projects to test the technology, identify challenges, and refine their processes. This can help to minimize risks and avoid costly mistakes. Collaborating with experts should be considered, such as 3D printing service providers or design consultants, to optimize their processes and leverage their expertise [73,74]. Lastly, SMEs should continuously improve their processes by monitoring their results, identifying areas for improvement, and implementing changes. By following these steps, SMEs can adopt the proposed methodology and take advantage of its benefits, such as faster prototyping, reduced costs, and improved product design.




5. Conclusions


The current work depicts the potential of combining 3D scanning, 3D printing, and CAD generative design methods towards fabricating a customized, end-product component. In this case, an e-bike was 3D scanned in order to digitize its geometrical characteristics. This was vital in designing a peripheral component (a tail rack in this case) that would be seamlessly attached onto the bike’s frame. Instead of just designing a tail rack from scratch, a CAD generative design method was selected in order to generate a design that would favor light weight and optimum mechanical behaviors at the same time. In order to fabricate the final design, a FDM 3D printing method was used by employing ABS-CF10 materials which, despite being a thermoplastic ABS-based material, was introduced as a material that can replace metal for lighter and more ergonomic component fabrication. Therefore, the component was fabricated in this manner and was installed successfully on the e-bike’s frame. The proposed procedure is not limited to this component’s fabrication and has the potential to be employed in the fabrication of other peripheral components and tooling as future work.
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Figure 1. Desktop FFF 3D printer apparatus. 
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Figure 2. Handheld 3D scanner apparatus. 
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Figure 3. Proposed 3D scanning process flowchart. 
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Figure 4. Proposed 3D design process flowchart. 
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Figure 5. 3D scan results obtained from the 3D scanning procedure of the e-bike’s frame. 
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Figure 6. Screenshot of the post-processing actions in Fusion 360 software. 
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Figure 7. Post-processing actions including further mesh simplification and a virtual split of the 3D body. 
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Figure 8. Generative design process initiation with tail rack mounts outcome. 
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Figure 9. Simulation process. 
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Figure 10. Generative design process from initial to final design. 
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Figure 11. Final design as the result of designer intervention. 
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Figure 12. Digital placement of the designed peripheral component on the 3D scanned bike’s frame. 
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Figure 13. Safety factor simulation study. 
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Figure 14. Stress factor simulation study. 
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Figure 15. Screenshot of the slicing process with the 3D model virtually placed in the 3D printer’s building volume. 
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Figure 16. Actual 3D printing process. 
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Figure 17. Screenshot of the slicing process with the 3D model virtually placed in the 3D printer’s building volume. 
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Figure 18. Installed end-product component on the e-bike. 
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Table 1. 3D printing process parameter settings.
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	Printing Process Parameters
	Value





	Extrusion hot end temperature
	250 °C



	Platform/bed temperature
	100 °C



	Printing speed
	60 mm/s



	Infill percentage
	100%



	Layer height (resolution)
	0.2 mm
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Table 2. Mechanical properties of the two materials used according to the manufacturers’ sheet.
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	Material (at zx Orientation and 0.010 mm Layer Height)
	ABS Fusion
	ABS-CF10





	Young’s Modulus (GPa)
	1.106
	1.958



	Tensile Strength (MPa)
	17.9
	21.2



	Flexural Strength (GPa)
	23.1
	29.2



	Flexural Modulus (GPa)
	0.878
	1.75
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