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Abstract

:

Featured Application


This article proposes a universal development methodology for hydraulic manifolds and fluid components manufactured by laser powder bed fusion. The proposed process leads systematically to a part with increased performance characteristics, economic efficiency, and reliable manufacturability.




Abstract


Through its unique characteristics, additive manufacturing yields great potential for designing fluid components with increased performance characteristics. These potentials in advanced design, functional structure, and manufacturing are not easily realized. Therefore, the present study proposes a holistic development methodology for fluid components with a specific focus on hydraulic manifolds. The methodology aims to lead the designer from the specification of the task, through a step-by-step embodied design, to a technical and economic evaluation of the optimized, first-time manufactured part. A case study applies the proposed methodology to a part of a rail-vehicle braking application. Through its application, a significant reduction in weight, size, as well as significant contributions to the company’s AM strategy can be assigned to the part. At the same time, increased direct manufacturing costs are identified. Based on the increased performance characteristics of the resulting design and the holistic foundation of the subsequent economic decisions, a satisfying efficiency can be allocated to the proposed methodology.







Keywords:


manifold; hydraulic component; additive manufacturing; design methodology; development workflow; laser powder bed fusion












1. Introduction


Additive manufacturing (AM) describes all manufacturing processes in which the part is fabricated by adding volume elements layer by layer to produce the desired geometry. The added elements are directly derived from the 3D data [1]. AM technologies have been advancing steadily through the years. Especially the sector of metal AM matured from niche applications to mainstream manufacturing and is being accepted as a valuable production process for demanding engineering tasks. For metal applications, laser powder bed fusion (LPBF) is the most widespread manufacturing principle [2]. When designing parts specifically for AM, these technologies yield unique characteristics in advanced geometric freedom, part consolidation, and product customization in comparison to other manufacturing processes. Through the given geometric freedom, new potentials in the performance and economic efficiency of the product are enabled, which can be realized through advanced design. If such a design can consolidate multiple parts of an assembly, additional improvements in size, weight, and assembly effort are achievable [3]. In the LPBF manufacturing process, differences in the individual geometry of parts manufactured in one build job have minor influence on the economics of the build job compared to conventional manufacturing methods. This leads to an economic feasibility of a lot size of one and makes the technology therefore practical for highly customized products [4]. However, these potentials are not easy to identify nor to realize. It requires the designer to have a fundamental understanding of the technology and to re-think the system-level design of the product [5]. Existing, universal product development methodologies are applicable for AM parts, but can hardly exploit the given potentials efficiently due to the design complexity and multitude of possible solutions [6]. Nonetheless, as a development of a completely new design process is neither efficient nor possible, development guidelines for AM products should be based on established methodologies and further recognize the specific potentials and limitations of the technology. As the VDI 2221 [7,8] guideline is widely accepted as a core standard for the development of technical products and was previously suggested for an AM specific methodology [9]. Kumke bases the general structure of his comprehensive method for the development of AM parts onto it [5].



As for any other manufacturing method, design guidelines have to be followed for a qualitative and economic fabrication of the designed part. The established methods of design for manufacturing (DfM) aim for design solutions with minimum manufacturing costs for a given manufacturing technology. Even though such guidelines for favorable manufacturing are still an elementary part of a design for additive manufacturing (DfAM), these methods shall further support the exploration of AM-enabled potentials and possibilities. Laverne et al. propose to differentiate opportunistic DfAM, restrictive DfAM, and dual DfAM [10]. Opportunistic DfAM methods shall enable the designer to explore innovative solutions enabled by the possible geometric complexity of AM products. The solution space of such methods is not narrowed by the limitations of the AM technology as in the definition of conventional DfM. These limitations are covered in the class of restrictive DfAM methods. In these, design rules are defined, that guide the designer to create a part with sufficient manufacturing quality. The majority of such design rules are developed in university research through test series [11,12,13,14]. These restrictions can be quantified as for minimum radii or wall thicknesses, as well as general guidelines for a sufficient manufacturing result [14]. They are more and more transferred into official design guidelines [15] and textbooks [4]. Finally, methods utilizing a combination of both, restrictive and opportunistic DfAM, are considered to be the most efficient for a holistic product design manufactured by AM technologies. With these, innovative concepts are designed for a qualitative manufacturing outcome [5]. Therefore, for each classification, different tools as depicted in Figure 1 are suggested.



Manifold bodies in pressure-loaded applications are traditionally manufactured from a solid material block, creating the hydraulic schematic by intersecting, gun-drilled holes. For manufacturing efficiency, these channels are usually manufactured with a 90° orientation towards the outside surface of the semi-finished block. All unused openings are closed by sealing stoppers in a subsequent assembly process. As a result, complex hydraulic schematics require a larger manifold due to the inflexible channel design, a greater number of drilled holes, and therefore a greater number of sealing points. Furthermore, the perpendicular, sharp corners in the fluid flow decrease the flow efficiency of the hydraulic medium. Through the AM-enabled geometric complexity, manifold bodies hold great potential for increased product performance through advanced design [4].



A comprehensive approach to the development of hydraulic manifolds fabricated by LPBF systems is the work of Kausch [16]. After extensive research on various topics concerning the development of AM manifolds, the generated knowledge is transferred onto two different manifolds, which are manufactured by LPBF. The evaluation of the part proves a great potential for weight reduction of high-pressure manifolds and suggests similar production costs to the conventional counterpart with further process and productivity improvements of the technology. The research of Diegel et al. [17] follows an existing AM manifold design and focuses on the further optimization of the manufacturability. This includes primarily the reduction in support structure to minimize manufacturing and post-processing time. Schmelzle et al. [18] present a specific flowchart for the re-design of hydraulic manifolds. The study places special focus on the channel cross-section geometry as well as a detailed description of manufacturing, inspection, and testing of the resulting manifold. Zhang et al. [19] approach a manifold re-design with the motivation of an optimized fluid flow and adapt each phase of the development process accordingly. As in the previous studies, a significant optimization in weight, size, and fluid flow efficiency is achieved. Cooper et al. [20] examine the pressure, flow, porosity, surface and micro-hardness characteristics of a titanium pipe manufactured by LPBF. The research offers detailed findings on the pressure resistance of thin-walled pipes, their internal surface roughness, their as-built geometric accuracy as well as the characterization of the porosity of the material. Table 1 depicts an overview of manifold-specific information in reviewed studies.



The review of conducted research on hydraulic manifolds shows that the re-design process systematic is an important topic for most studies. The models and flowcharts presented for a re-design are often rudimentary for the task of developing an additively manufactured manifold with increased performance while ensuring qualitative and economic manufacturability. Most of the reviewed studies only utilize restrictive DfAM methods for their design. The very detailed approach of Kumke [5] on the complete design process for AM, applying restrictive and opportunistic DfAM, has not been applied for a hydraulic manifold application. Furthermore, the number of hydraulic components and the resulting complexity of the reviewed manifolds remain in a range of 3 to 10 installation spaces.



Based on the state of the art in the development of AM manifolds, a research deficit on the systematic development of manifolds with advanced hydraulic complexity and additional functional requirements is identified. Product improvements through the application of opportunistic DfAM are often left unused. Consequently, the present article aims to propose a universal development and design methodology that leads systematically to a manifold with improved product performance while being optimally designed for qualitative and economic manufacturing by LPBF. After the methodology is presented, its applicability and efficiency are assessed with a case study on a safety-critical manifold of the rail industry.



For the methodology development, the following requirements are defined:




	
The universal applicability of the process must be given. The design methodology shall serve hydraulic applications independently of the specific product.



	
The process shall facilitate opportunistic DfAM potentials by introducing specific methods and tools when necessary.



	
Restrictive DfAM methods and tools are to be introduced to the process when necessary.



	
The process shall lead to an AM geometry that embodies the optimum quality and profitability of the build job.



	
The process shall systematically lead to a manifold with increased performance characteristics such as improved weight, size, or flow efficiency.



	
The process shall allow an iterative shift between the different phases to utilize an experience gain of the user for upstream phases.









2. Methodology Development


As previously identified, Kumke [5] offers a comprehensive process model for the universal development of AM parts. To guide the designer to a design that respects technological as well as economic aspects, this process constitutes the general structure of the proposed methodology. This structure is, however, supplemented with manifold-specific design phases and tasks. Additionally, suitable tools for the specific tasks are proposed. In that way, the methodology facilitates a complete exploration of the potentials enabled through advanced design while acknowledging the economic efficiency and reliable manufacturability of the resulting part.



As depicted in Figure 2, the proposed development methodology starts with the planning and conceptual phase. These phases, including their individual steps, are transferred analogously from the VDI 2221 [7]. Based on the high significance of a detailed description of requirements, an independent list of requirements for the part is to be created in the first task. This list should describe all boundary conditions concerning the part, available AM technologies, material availability, and loads. This is a mandatory process step, which is executed for re-design tasks as well as new development tasks. Even though the requirements shall be formulated detached from the manufacturing technology used, AM-specific potentials and resulting requirements, for example, lightweight design, can already be addressed [5]. In the second task, the functional structure of the part is to be arranged hierarchically into main and sub-functions (cf. Figure 2) [21].



The exploration of design freedom in new- as well as re-designs benefits significantly from function-based thinking, being detached from conventional manufacturing restrictions. In doing so, all surfaces which serve a specific engineering function shall be identified, and their individual boundary conditions, for example, freedom of position, is specified. This facilitates a subsequent, flux of force-oriented design. Based on this analysis, different conceptual solutions for the identified, functional structure are to be developed in the third task. To assist the designer in exploring unconventional solutions, tools like “AM-potential checklists”, “the analysis of existing studies” or “cross-departmental brainstorming” can be utilized during this task. It is important to conduct such an extensive conceptual phase for re-designs as well. Existing solutions may include conventional thinking barriers, whereas the presented steps and tools create a large solution space for innovative concepts [5].



In the following task four, the concept assessment, the acquired concepts are evaluated by “pairwise comparison” and “value benefit analysis”, which are specified/recommended in VDI guideline [7]. The assessment criteria for the value benefit analysis need to be adapted to consider the new AM aspects [5]. The following criteria are proposed for the assessment of manifold concepts:




	
Potential for size reduction



	
Potential for weight reduction



	
Potential for improved hydraulic efficiency



	
Technical feasibility/ development risk



	
Degree of innovation



	
AM material efficiency



	
Profitability of the build job








Based on the quantitative assessment, one concept is selected for the embodied design phase. In this phase, potentials for improved product performance can be realized through advanced design. The chosen concept is introduced to the decision knot, in which tasks five to seven are executed iteratively. First, the parts main elements are designed and positioned according to the specified boundary conditions [5]. For manifold bodies, these are primarily installation spaces, hydraulic connectors, fixation points for the motor, and pump. If the position of an installation space for a hydraulic component was specified as variable in the analysis of functional surfaces, its position in the AM design shall regard the following three aspects. Its position within the hydraulic logic, the assembly and accessibility with the required tools, and finally an efficient nesting of the valves, sensors, and motor. There are several software solutions [22] available, which create two-dimensional nesting solutions for a set of defined geometries. For a re-design, it is important to question existing component positions, as conventional manufacturing constraints may have lost relevance through AM.



Once these elements are positioned, the orientation of the part within the build space of the LPBF system is to be chosen. This decision has a fundamental influence on the design of subsequent geometries, the manufacturing quality of the part, the necessary amount of support material, and finally, the economic efficiency of the build job. After the technical feasibility of the selected orientation is proven by a manufacturing simulation, a preliminary economic assessment is conducted in task seven. The outcome of this decision sequence is often a compromise of minimum manufacturing time, best manufacturing quality, mechanical properties, necessary support material, and manufacturing costs [17]. It shall therefore be repeated iteratively until the best compromise for the given boundary conditions is found. Additionally, if no such compromise can be found, the decision knot at this early stage of the development process prevents the usage of further resources on unpromising concepts and questions the suitability of AM for the specific project [5].



As the main elements are usually standardized installation spaces and threads, the DfAM potential lies mainly in the design of the hydraulic interconnection of the installation spaces. The channel diameter is to be selected according to the present fluid flow of the application [23]. Circular channels with a diameter greater than 7 mm require internal support structure [16,18,24]. As the complex channel design makes these structures inaccessible, they must be avoided. Multiple studies provide restrictive design guidelines for non-circular channel cross-sections [16,18,25]. Additionally, an appropriate wall thickness must be selected, which resists high, cyclic pressure load over the complete lifetime as specified in the requirements list [16,26,27,28]. The design complexity enables channels that can be designed conformal to existing walls and installation spaces, sharing a single wall, and saving thereby AM-material and manufacturing process time. Through this design flexibility, the size of a manifold is not limited by the channel layout anymore.



As most functional surfaces require a high surface quality and geometric precision, they must be post-processed with subtractive processes [18]. In task nine, the necessary machining offset, registration features, and clamping positions are added to the geometry to enable precise machining. Again, these features shall be designed according to restrictive design guidelines presented in the literature [25,29]. Further, referencing strategies for subtractive operations on defined registration points shall be established at this point.



All geometric elements designed in tasks five to nine serve a specific function. Even though these elements are designed under consideration of restrictive DfAM guidelines and the chosen orientation, the geometric complexity requires compromises in the usage of support for certain elements. However, it is a major intention of DfAM to minimize the usage of supports, as they require extensive manual labor for their removal [25]. Consequently, most of the necessary support structures shall be replaced by design elements, for example, thin walls, which are not removed and serve as additional stiffening elements. Support-critical areas are identified by build-preparation software [30] and then replaced by geometric elements in the design software iteratively.



As the final part of the embodied design phase, task eleven takes into account the post-processing of the part. For manifold bodies, the powder removal from the complex channels is of high importance. Therefore, the entrance and exit of every channel must be designed with an opening in the unfinished manifold. Further, considerations on the deburring of the machined installation spaces and the final cleaning of all channels are taken into account. These processes must remove all chips, coolant-, oil-, or powder residuals from the manifold in- and outside.



The proposed sequence of eleven tasks leads to the unfinished AM geometry, which is manufactured on the available LPBF system. Due to the definition of all boundary conditions at the beginning of the development, the resulting design shall be suitable for the given AM system and its limitations. To verify the decisions taken in the previous steps without the financial and time-consuming risk of a complete, fully utilized build job, this study proposes to manufacture a section of the complete manifold, which contains critical features, under similar fabrication circumstances. In a second manufacturing step of the pre-study, the efficiency of the projected machining strategy is assessed, and necessary alterations to upstream tasks can be implemented. If the pre-study does not indicate issues in the additive manufacturing and subtractive finishing, the complete, first build is to be manufactured and finished according to the specifications in the manufacturing phase.



To enable comprehensive product development, it is the final task of the proposed methodology, to assess the developed manifold by technological as well as economic aspects. For the technological assessment, firstly, all resulting product characteristics such as weight, size, fluid flow, or mechanical resistance are to be identified and matched with the requirements list. Secondly, all noticeable problems identified during the build job, or by visual inspection of the part and their cause are to be described. Finally, as the internal shape of the manifold is of high importance for its functionality but may be inaccessible by endoscopes due to its complex shape, industrial computer tomographic (CT) scanning is suggested to inspect the manifold-inside without damaging the part. Furthermore, the global shape accuracy of the part can be examined with the results of the CT scan [31].



The economic evaluation of the part is conducted in multiple stages. As there is no single formula that can represent manufacturing costs, lifecycle costs, customer value, and corporate value of the part, the study applies a four-stage evaluation based on the findings of Lakomiec [32]. The first stage specifies the geometric complexity of the part, and therefore its suitability for AM. As the previous tasks guided the designer towards a geometry specifically designed for AM, there should be little doubt about its suitability. The second stage calculates the manufacturing costs of the AM manifold. As most manifold bodies require post-processing of functional surfaces, a classification of the costs for the unfinished part by AM and the subtractive finishing should be taken into account. Further, if part consolidation was achieved, differences in the assembly costs are to be introduced into the calculation. The third stage of the evaluation is the most important for AM parts. This stage regards the added value and increased product performance through advanced design. For manifold bodies being designed for reduced weight and improved fluid flow, this consists primarily of a reduction in lifecycle costs, which are quantifiable in many cases. Added customer value in contrast, such as a reduced installation size of the assembly, is only monetarily rateable if related to an existing customer project. With an increased level of detail, aspects such as impacts on the process and supply-chain or effects on sustainability are to be considered [33]. Thereby it is important to distinguish if the added value can be assigned to the single product, or whether it has a strategic value for the complete enterprise. An exemplary structure of the presented stages is depicted in Table 2.



After all aspects are summarized, strategies on further proceedings and industrialization are derived according to the individual project or the general strategy of the organization. For a numeric decision finding, the individual aspects can be weighted and summarized in a target figure [32].



The execution of the proposed development methodology leads to a manifold body with enhanced performance characteristics that ensures economic and reliable manufacturing by the available LPBF system. Based on the complete prototype manufacturing, and a holistic economic evaluation, a profound basis for actions towards further industrialization of the developed part is created. Through the iterative information flow from any point of the process, conclusions based on the solution assessment can be introduced to upstream tasks.




3. Case Study


The proposed development methodology was applied to a safety-critical brake application of Knorr-Bremse rail vehicle systems (KB), which is a founding member of the innovation network “Mobility goes Additive”. Of all application fields of AM, new customer products with advanced design require the highest effort for technological qualification while entailing the highest customer value. Through the application of the proposed methodology for a re-design of the manifold of an electro-hydraulic unit, a next step is taken towards the production of end-use parts by AM.



3.1. Planning Phase (Step 1 of Development Methodology)


The manifold to be re-designed, as shown in Figure 3, is the centerpiece of the control unit for a hydraulic braking system. The AM re-design shall be suitable to be manufactured by the KB-internal AM infrastructure. Therefore, information and boundary conditions as shown in Table 3 are identified. For urban rail applications, the installation size of the assembly in the bogie of the vehicle is of high importance. Therefore, it is the central goal to reduce the manifold size. The second priority of the study lies in the weight reduction of the part. Even though the re-design may lead to an improved fluid flow, such optimization potential is not further investigated in this study, due to the low volume flow of the application.




3.2. Conceptional Phase (Steps 2–4 of Development Methodology)


At the beginning of the conceptual phase, the functional structure of the manifold is visualized. In addition to the primary hydraulic functionality, the manifold fulfills several further functions like the fixation of the assembly onto the vehicle, creating a sealing surface for the oil tank, and providing attachment points for the tank and electric cover. Once the functional structure is described, multiple conceptual solutions are introduced as to be seen in Figure 4. These solutions include only the main elements to create multiple concepts in a time-efficient manner. The topology optimized (TO) concept shown in (a) places all main elements within a TO frame structure, which may create a sufficient stiffness of the part, while large surfaces can be made of a thin wall. The L-shape concept aims to position all service components onto one side and takes advantage of a perpendicular orientation of valve elements. Lastly, concept three realizes a radial sealing for the oil tank which, in contrast to the existing flange sealing implicates improved sealing characteristics.



Based on the introduced concepts, a value-benefit analysis regarding the evaluation criteria proposed in Section 2 is conducted (cf. Table 4). Weight reduction is most probable with concept a), whereas concept b) has the potential for short hydraulic channels. The build job profitability is rated by comparing them with each other. An analysis compared to the serial part was not conducted since the goal of the development study was to gain knowledge and experience with the AM workflow. An early evaluation is feasible with existing AM costs models, e.g., from Schneck et al. [35]. As a result, concept a) is recognized as being the most suitable concept for the boundary conditions of the project.




3.3. Embodied Design Phase (Steps 5–11 of Development Methodology)


With a concept for the further development selected, the embodied design starts with the positioning of the main elements. For the efficient nesting of all components, the Software Deepnest [22] is used to propose nesting solutions for the cross-section geometries of the motor and hydraulic components, which are to be positioned on the manifold. Figure 5 depicts one nesting solution and the resulting assembly, designed with PTC Creo.



As the orientation of the main elements has strictly defined boundary conditions, the build-space orientation is chosen with regard to these elements. For the manufacturing with the available LPBF system, the economics, the support utilization, and the quality of key features are assessed for three orientations as depicted in Table 5. A flat, 0° orientation of the concept, as depicted in Table 4 can only manufacture one manifold per build job. A 90° orientation may enable the manufacturing of three manifolds but leads to excessive usage of support structure and an unfavorable orientation of key features. Finally, a tilted orientation can facilitate two manifolds per build job, while requiring the least amount of support structure of the three investigated orientations. Therefore, and under consideration of the resulting build job costs, a 49° orientation of the manifold within the build space is selected. The actual orientation was chosen in regard to support structure, achievable geometry resolution, surface quality, and build height through an in-depth analysis (among others laser scans, experience from previous build jobs) of angles from 45 to 55°.



Following, the embodied design steps eight to eleven are executed as proposed in Figure 2. As depicted in Figure 6a, hydraulic channels are designed based on spline curves, with a special focus on conformal positioning onto existing features, a homogenous channel cross-section, and large radii for flow efficiency. Through the freedom in channel design, the integration of the hydraulic layout into the defined boundary conditions implicates little difficulties. The unfinished geometry of installation spaces is designed as uniform, cylindrical geometry, with a machining offset of at least 1 mm.



Even though the minimization of the support structure is an elementary part of restrictive DfAM, the complex hydraulic layout requires compromises toward the usage of support. Critical elements, which may require support are identified with the AM preparations software Materialise Magics [30]. To reduce post-processing time, supportive structures are designed to be a structural part of the manifold. Therefore, several walls of equal thickness are designed in locations, which require support. The need for support is determined iteratively with the preparation software until all temporary structures with difficult accessibility are removed. All channels and installation spaces are designed as open to facilitate a complete powder removal.



For post-processing, the unfinished manifold is media-blasted, and all functional surfaces are machined in two clamping positions with polycrystalline diamond (PCD) tools. As all machined surfaces are easily accessible, no advanced deburring process, such as paste deburring, is performed. This is an additional improvement to the conventional design, as the internal intersections of the gun-drilled holes require deburring actions. Finally, the part is washed and rinsed thoroughly, to remove all machining chips as well as powder- and coolant-residues from the out- and inside.



Before the time- and cost-intensive manufacturing of the fully utilized build job is initiated, a pre-study is conducted by manufacturing a representative section of the designed manifold. The chosen section, as to be seen in Figure 6b, contains three installation spaces on three different sides, as well as multiple, constricted channels. The part is manufactured on an SLM Solutions 125 HL system, utilizing the equal AlSi10Mg aluminum as for the complete part. All post-processing is conducted analogously to the complete manifold.




3.4. Results and Solution Assessment


3.4.1. Technical Assessment (Step 13 of Development Methodology)


Based on the successful fabrication of the pre-study in the first and of the complete two-manifold build job in the second step, the following findings are recognized. The designed elements replacing temporary support structures work in combination with the 49° orientation of the part. No defects due to critically overhanging features can be identified through visual inspection and CT scan. Only seven support structures are to be removed manually. The required sealing groove cannot be manufactured by the LPBF system and is to be machined. No issues regarding warping and insufficient connection onto the build plate are detected. Under consideration of the AM-material volume, the previously assumed manufacturing reliability is approved by a first-time right manufacturing of a two-manifold build job as to be seen in Figure 7a.



Through its thin-wall design, the manifold offers additional oil-reservoir volume on its inside. Though not further specified in this study, improved fluid flow characteristics are expected, as no sharp, 90° corners are introduced to the flow path. The finished part meets the equal dimensional requirements as the conventionally manufactured design. Table 6 offers further details on the part.




3.4.2. Economic Assessment (Step 13 of Development Methodology)


The economic evaluation is conducted based on four stages. Firstly, as the part is specifically designed for fabrication by LPBF, its suitability for the process is clearly given. Further, the design consolidates 37 sealing stoppers. Secondly, the AM costs are significantly higher in comparison to the conventional manifold body. Therefore, a mere substitution with the AM part is not economic. The AM design is to be classified as an additional product for the acquisition of projects with special requirements (e.g., size or lightweight). Quotes of an external supplier show that external AM production costs are more than five times higher than current serial costs. However, increasing industrialization and adoption of AM are expected to decrease the AM production costs in the near future. Thirdly, the added value and its impact on the lifecycle of the part and the complete organization are assessed. The design-based reduction in the size of the assembly may serve customer projects with highly limited space requirements. Further, the lightweight design reduces the part’s energy consumption during operation in an often-accelerated rail vehicle and therefore decreases its operational costs and CO2 emissions. Finally, the experience gained in the design, manufacturing, and industrialization of AM products is universally applicable through the company and a valuable contribution to the AM strategy of Knorr-Bremse. On this basis, the roadmap depicted in Table 7 is presented.



As the market does not demand a direct substitution of the existing manifold, the added value for customers and the company may be prioritized over the higher manufacturing costs when considering further steps to a serial application of an AM manifold. Overall, the design and manufacturing project is perceived as a success by Knorr-Bremse even if economic break-even is not reached yet. The gain in experience in design, software, printing, and post-processing is seen as highly valuable and can be transferred to other parts. With decreasing AM costs in the future, the economic assessment is expected to change.






4. Discussion


The universal applicability of the proposed study is a central requirement of the development methodology. However, in the present study, the methodology was only applied to one use case. To fully confirm its universal validity, it must be applied to applications of various industries. The achieved reduction in weight and size of the given application as well as the clear, economic foundation for future decisions indicate a positive efficiency of the proposed development methodology. Through the step-by-step process, many design-enabled potentials are realized, while the application of restrictive DfAM guidelines leads to reliable manufacturability. The resulting part embodies an optimum utilization of the given LPBF system in terms of manufacturing quality and economic efficiency. Its added value for the customer and the manufacturer is considered in decisions about further steps. As the presented case study is closed with the successful fabrication of the first prototype part, the desired iterative information flow is only utilized partly. During the execution of the embodied design phase, small iterations based on experience gain during the development and pre-study were possible. However, most of the information derived from the technical and economic assessment can only be utilized for a second, future version of the manifold.




5. Summary and Outlook


In this study, a holistic development methodology for hydraulic manifolds and fluid components manufactured by LPBF is proposed. The methodology aims to lead systematically to a manifold design, which embodies improved product characteristics through advanced design while ensuring reliable and economic manufacturability by a given LPBF system. After a general introduction of the development methodology, the process is applied to re-design a hydraulic manifold of the rail industry. After the specification of the re-design task, an extensive conceptual phase explores opportunistic design potentials. A numeric assessment of possible concepts leads to a specific concept for the embodied design. In this phase, the individual elements of the manifold are designed step-by-step under consideration of restrictive DfAM guidelines and tools. Through this, the weight of the manifold is reduced by 76% and its width by 18%. Furthermore, the manifold inside provides additional oil-reservoir volume, with which, either a greater variety of actuators can be served, or the assembly size can be reduced.



The acquired roadmap, which assesses multiple economic aspects, provides a simple, yet holistic foundation for strategic decisions concerning the further industrialization of the developed part.



Based on the findings of the solution assessment, areas of improvement can be derived. Further research and development regarding data management, software-supported channel design, as well as fatigue resistance of the designed geometries needs to be conducted. Additionally, the improved flow characteristics through short channels without 90° corners have to be quantified in a suitable test bench.
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Figure 1. Differentiation of DfAM methods and specific tools derived from [5]. 






Figure 1. Differentiation of DfAM methods and specific tools derived from [5].



[image: Applsci 11 07335 g001]







[image: Applsci 11 07335 g002 550] 





Figure 2. Development methodology for Additive Manufacturing (AM) manifolds. Squared boxes: process-tasks; round boxes: process-outputs; diamond-shaped boxes: assessment-tasks. 
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Figure 3. Isometric view of the conventional manifold (Dimensions in mm). 
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Figure 4. (a) Topology optimized concept; (b) L-shape array concept; (c) Radial sealing concept. 
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Figure 5. (a) Proposed nesting solution; (b) resulting arrangement of the assembly. 
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Figure 6. (a) Manifold main elements with spline curves between starting points (red marks) for channel design; (b) pre-study part: Cut-out from the hydraulic manifold. 
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Figure 7. (a) The unfinished 2-manifold build job with tensile- and density-test-specimen; (b) finished manifold. 
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Table 1. Overview of conducted research on the re-design of manifolds for Additive Manufacturing (AM).
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	Schmelzle et al.
	Kausch
	Diegel et al.
	Zhu et al.
	Cooper et al.





	Design methodology covered
	yes
	yes
	yes
	no
	no



	Functional optimization
	yes
	yes
	yes
	yes
	yes



	Manifold dimensions
	Approximately 127 mm × 127 mm × 70 mm
	no
	176.2 mm × 125.5 mm × 120 mm
	246 mm × 140 mm × 66.5 mm
	no



	Maximum pressure
	127.9 MPa
	31.4 MPa
	98.5 MPa
	21 MPa
	24 MPa



	AM material
	17-4 steel
	TiAl6Va
	AlSi10Mg, 316L steel
	316L steel
	Ti6Al4V



	Number of installation spaces
	3
	6
	6
	10
	0



	Number of additional connectors
	3
	7
	14
	4
	2



	Process parameters covered
	yes
	no
	no
	yes
	yes



	Fatigue characteristics
	no
	yes
	yes
	no
	no



	DfAM approaches
	Restrictive, opportunistic, combined
	Restrictive
	Restrictive
	Restrictive
	-
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Table 2. Four-stage evaluation scheme for AM parts derived from [32].
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1. Check geometric complexity




	
Construction complexity

	




	
Consolidated parts

	




	
2. Calculation production costs




	
Costs unfinished part

	
Comparison conventional part




	
Costs finishing

	
Assessment process steps




	
Reduction factor to conventional process steps




	
3. Evaluation value add




	
Attributable to part

	
Lifecycle costs




	
Customer value




	
Supply-chain impact




	
Overall factors

	
Market and technology portfolio




	
Business case calculation




	
4. Summary consideration and weighting
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Table 3. Specifications and boundary conditions for the manifold.
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	Type
	Value
	Specification





	Size
	300 mm × 148 mm × 80 mm
	



	Weight
	8.55 kg
	Including 37 sealing stoppers



	Pressure load
	0–16 MPa
	



	Lifetime
	>107 load cycles
	



	Available AM build space
	250 mm × 250 mm × 325 mm
	



	Available AM material
	AlSi10Mg [34]
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Table 4. Evaluation of the proposed concepts.
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Criteria and Weighting

	
Concept (a)

	
Concept (b)

	
Concept (c)






	
Potential for manifold size reduction

	
0.1

	
4

	
2

	
2




	
Potential for weight reduction

	
0.15

	
4

	
2

	
2




	
Potential for improved hydraulic efficiency

	
0.1

	
2

	
3

	
1




	
Technical feasibility/low development risk

	
0.3

	
2

	
1

	
3




	
Degree of innovation

	
0.1

	
4

	
3

	
1




	
Material efficiency

	
0.05

	
2

	
4

	
2




	
Profitability of the build job

	
0.2

	
3

	
4

	
3




	

	

	
2.90

	
2.40

	
2.30








Rating: 4—very high; 3—high; 2—medium; 1—low; 0—very low.
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Table 5. Comparison of build space orientations.
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	0° Orientation
	49° Orientation
	90° Orientation





	
	 [image: Applsci 11 07335 i001]
	 [image: Applsci 11 07335 i002]
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	VPart/VSupport Ratio
	10.71
	28.33
	2.6



	Build height
	81.9 mm
	154.17 mm
	152.19 mm



	Build time
	22 h 28 min
	49 h 19 min
	87 h 55 min



	Build time per part
	22 h 28 min
	24 h 40 min
	29 h 18 min
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Table 6. Comparison of product characteristics.
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	Characteristic
	AM Design
	Conventional Design





	Manifold size
	245 mm × 148 mm × 55 mm
	300 mm × 148 mm × 80 mm



	Weight
	2.06 kg
	8.55 kg



	Sealing stopper
	0
	37



	Additional oil reservoir
	930.7 cm3
	-



	Material volume
	771.54 cm3
	3166.67 cm3



	Necessary support structure in [%] of total build job material
	0.39%
	-
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Table 7. Roadmap for economic evaluation.
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1. Check geometric complexity




	
Construction complexity

	
Only to be manufactured through AM




	
Consolidated parts

	
37 sealing stoppers




	
2. Calculation production costs




	
Costs unfinished part

	
Significantly Higher




	
Costs finishing

	
Reduced finishing costs




	
Total manufacturing costs significantly higher




	
3. Evaluation value add




	
Attributable to part

	
76 % weight reduction, reduced operational costs




	
55 mm reduced installation space




	
Unique selling proposition




	
Overall factors

	
Universal gain of AM experience




	
Contribution to Knorr-Bremse Eco design
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