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ABSTRACT: Additive Manufacturing (AM) has a profound impact on mass customization of products. To satisfy the product requirements while keep profitability and sustainability, reducing the energy and resource consumption is one of key solutions. This research presents a product family design process driven by consideration of resource consumption. A family of light-weight structures was designed by applying topology optimization algorithm to achieve required performance and weight. Finite Element Analysis (FEA) tools were used to simulate the mechanical behavior of the products. To demonstrate the applicability of the proposed method, nine samples within the designed product family were fabricated by additive manufacturing. Resource consumption measured by manufacturing cost and build time was analyzed for each sample. The result shows feasibility of designing a product family using resource consideration as a guideline.




Introduction 
 Product family 
 A group of related products (variants) derived from a set of 

common elements (platform) [1] 

 Additive manufacturing (AM) 
 Manufacture products with complex geometry, ideal for 

customized product design [2] 

 Resource-driven product family design in AM 
 Resource (material, manufacturing time, cost) as a key design 

consideration in product family design in AM 

[1] T. Simpson, Z. Siddique, and J. Jiao, "Platform-Based Product Family Development," in Product Platform and Product 
Family Design, T. Simpson, Z. Siddique, and J. Jiao, Eds., ed: Springer US, 2006, pp. 1-15. 
[2] R. Ponche, J. Hascoet, O. Kerbrat, and P. Mognol, “A new global approach to design for additive manufacturing,” 
Virtual and Physical Prototyping, vol. 7, no. 2, pp. 93–105, 2012. 
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Product family: a product family is a group of related products, which we also called variants, that are derived from a common product platform, and this family of products share some commonality in both component design and production processes.
Many companies nowadays are investing in product family development in order to provide sufficient variety to the market and meet diversified customer needs, while at the same time maintaining the economies of scale and scope within their manufacturing capabilities

As a relatively new category of manufacturing techniques, additive manufacturing has the advantage of being capable to manufacture parts with high geometric complexity, which make it idea for producing customized products

Resource-driven product family design: in our study, we proposed a resource-driven product family design approach for additive manufacturing, to take resource consumption as a key design consideration in product family design and selection. In the result of our study, a tradeoff is found to exist between product performance and resource consumption.



Methodology 
 Overview of the proposed design framework 
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This figure shows an overview of our proposed resource-driven product family design framework. 



Methodology 

 Topology Optimization (TO) 
 TO algorithms distribute finite elements of material within a 

predefined space [3] 
 Solid Isotropic Material with Penalization (SIMP) approach [4]:  

 Power law of material properties 
 Objective: minimize structure compliance under loading 
 Constraint: total amount of material (volume fraction) 

 

[3] M. P. Bendsøe and O. Sigmund, Topology optimization: theory, methods and applications / M. P. Bendsøe, O. 
Sigmund., ser. Engineering online library. Berlin; New York : Springer, 2003., 2003. 
[4] M. Bendsøe, “Optimal shape design as a material distribution problem,” Structural optimization, vol. 1, no. 4, pp. 
193–202, 1989. 
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As mentioned earlier, topology optimization is the method we use to generate product variants in the family

So basically, Topology optimization algorithms distribute finite elements of material within the product’s design domain, while boundary conditions including loads and supports, are specified[18]. Each element within the design domain is defined as a variable from 0 to 1 which represents the variation in material density. For example, these variables have values in the range from 0 to 1, where 0 indicates void and 1 indicates solid [20].

For simplicity, the specific TO algorithm used in this particular study is SIMP: material properties are assumed constant within each element used to discretize the design domain, and the variables are the element relative densities.  In this approach, the material properties are modelled as the product the relative material density raised to some power times the material properties of solid material (i.e. power law for material properties)

SIMP: objective: minimize structure compliance (total strain energy=displacement^2 * stiffness, in matrix form), constraint: volume fraction, optimization algorithm: Optimality Criteria (OC, used in this study), Sequential Linear Programming (SLP), Method of Moving Asymptotes (MMA)



Methodology 

 Design for additive manufacturing (DFAM) rules and 
limitations 
 Process/machine-dependent 
 Minimum wall thickness, minimum hole diameter, maximum build 

envelope, etc. 
 Modify each variant design based on these rules and limitations 
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After variants in the product family have been derived using topology optimization, we apply DFAM rules and limitations to verify manufacturability of each product. Different AM processes or even different machines may have different DFAM rules and limitations, including for example, …… Based on these rules and limitations, designers can modify each variant design to achieve better manufacturability



Methodology 

 Cost analysis 
 Manufacturing time and cost are measures of resource 

consumption of each variant in the product family 
 Manufacturing time 

𝑡 =  𝑡𝑠𝑠𝑠𝑠𝑠 + 𝑡𝑠𝑝𝑠𝑝𝑠𝑝𝑠 + �𝑡𝑖

𝑛

𝑖=1

 

Where:  
 tsetup = Machine setup time 
 tpreheat = Preheat time 
 𝑡𝑖 = Time to build the i-th layer 
 𝑛 = Total number of layers of one part 
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In this proposed resource-driven design framework, we created a simple model to analyze the manufacturing time and cost of each variant in the product family. Both manufacturing time and cost are measures of resource consumption of each of these variants.

The manufacturing time is expressed as the summation of machine setup time, preheat time, and the time to print all layers during the AM material deposition process.



Methodology 

 Cost analysis 
 Total manufacturing cost of each variant in the product family 

𝐶 =  𝐶𝑚𝑝𝑠𝑠𝑝𝑖𝑝𝑚𝑀 + 𝐶𝑜𝑠𝑠𝑝𝑝𝑠𝑖𝑜𝑛𝑡 + 𝐶𝑚𝑝𝑛𝑠𝑜𝑚𝑠𝑝 + 𝐶𝑜𝑜𝑠𝑝𝑝𝑠𝑝𝑜 

Where: 
 Cmaterial = Unit cost of material usage per gram 
 M = Total mass of the material usage 
 Coperation = Machine operation cost per hour 
 t = Total time to build a part 
 Cmanpower = Manpower cost in preparing the build as well as post-processing 
 Coverhead = Other overhead cost  
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And the total manufacturing time of each variant is expressed as the summation of total material cost, total machine operation cost, manpower cost in preparing the build and in performing post processing, and finally the overhead cost.



Case study 
 Cantilever beam: fixed at one end, load = 10N at the 

free end 
 Design requirements: low compliance upon loading, 

light-weight 
 Platform 
 A solid rectangular cantilever beam 
 Length = 200mm, height = 20mm, thickness = 10mm 

The fixed end 
Loading 
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After the brief discussion of our methodology, now lets look at a simple case study to illustrate the application of the resource-driven product family design framework
The product we are going to design is a cantilever beam, with one end fixed, and the a 10N loading at the free end. One of the design requirements is low compliance upon loading, which can be indicated by a small free end displacement. And another design requirement is light-weight. 
The product platform of the family is identified as a solid rectangular cantilever beam, with the dimension of 200mm in length, 20mm in height, and 10mm in thickness. Based on this solid beam, other variants in this product family can then be derived



Case study 
 Variant generation – Topology optimization (SIMP) 
 10 variants, with different overall material consumption 

(measured in volume fraction): 10%, 20%, … 100% 
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Topology optimization approach was applied to generate 10 product variants, each of which has a different material consumption, ranging from 10% to 100% of volume fraction.  These are the 5 samples out of the 10 variants. We can look at the figure here, the horizontal axis shows the beam number from 1 to 10, and the vertical axis shows the volume fraction of each beam.The figure shows an approximately linear graph that relates the ten example beams to the amount of material used. The five objects above the graph indicate the results of the topology optimization step for 20%, 40%, 60%, 80% and 100% material. 



Case study 
 FEA, using Calculix 
 Simulate the maximum displacement at the free end 
 A tradeoff is found between material consumption and 

structural strength 
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And then the next step is to conduct finite element analysis to simulate the maximum displacement of each of the 10 variant design (Beam NO.1 to Beam NO.10), under different loadings ranging from 1N to 10N
It can be observed from the figure that the beams more material consumption are relatively stiffer, with smaller amount of free end displacement. Therefore we can easily see that there is a tradeoff between the product’s structural strength and material consumption
In the graph, the surface facets are interpolated.



Case study 
 Design for AM rules and limitations 
 Fused Deposition Modeling (FDM) process 
 Minimum allowable wall thick = 0.8mm  Beam NO. 1 (10% 

material) is not manufacturable 

 Additive manufactured samples: 
 Beam NO.2 to NO. 10 were built by FDM 
 Material: Polylactic acid (PLA) thermoplastics 

 
Layer 
thickness 
(mm) 

Fill density 
(%) 

Print speed 
(mm/s) 

Track width 
(mm) 

Nozzle 
temperature (°C) 

Platform 
temperature (°C) 

0.1 100 80 0.4 210 55 
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And then we apply the DFAM rules and limitations to check the manufacturability of the design. We have chosen the Fused Deposition Modeling as the AM process to build the samples, and the corresponding minimum allowable wall thickness is 0.8mm, therefore we find that Beam NO 1 with 10% volume fraction, is not manufacturable, because its wall thickness of Beam NO 1 is smaller than the minimum allowable value. Hence this fact reflected that the topology optimization result must comply with the Design for Additive Manufacturing (DFAM) rules of the AM process.

So we use FDM process to build the rest of the 9 samples, from Beam NO.2 to NO. 10. The stock materal is PLA thermoplastics. The FDM process parameters of all the 9 samples are identical, some of which are listed in this table




Case study 
 

Nine beams of the family: (a) Sample NO. 2; (b) Sample NO. 3; (c) Sample NO. 4; (d) Sample NO. 5; (e) 
Sample NO. 6; (f) Sample NO. 7; (g) Sample NO. 8; (h) Sample NO. 9; (i) Sample NO. 10 
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So these are the 9 product variants that we made. From Beam No.2 to No.10, the volume fraction, or the material consumption, is increasing.



Case study 

 Manufacturing time and cost of each variant in the 
product family 

𝑡 =  𝑡𝑠𝑠𝑠𝑠𝑠 + 𝑡𝑠𝑝𝑠𝑝𝑠𝑝𝑠 + �𝑡𝑖

𝑛

𝑖=1

 

𝐶 =  𝐶𝑚𝑝𝑠𝑠𝑝𝑖𝑝𝑚𝑀 + 𝐶𝑜𝑠𝑠𝑝𝑝𝑠𝑖𝑜𝑛𝑡 + 𝐶𝑚𝑝𝑛𝑠𝑜𝑚𝑠𝑝 + 𝐶𝑜𝑜𝑠𝑝𝑝𝑠𝑝𝑜 

Sample NO. 2 3 4 5 6 7 8 9 10 
Material consumption 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Manufacturing time (min) 59 74 86 99 111 121 128 124 123 
Cost ($) 25.7 32.3 37.7 43.5 49.2 53.8 57.5 56.5 56.4 
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The manufacturing time and cost of all variants in the product family are measured and listed in this table. For easier visualization and analysis, we plot both manufacturing time and cost result against the material consumption

(Cmaterial = 0.3 $/g,  Coperation = 0.45 $/min)

Since the values of  t setup ,  t preheat , and n are identical for all nine variants in the product family, the time to build each layer  t i  for each sample is the sole contributor to the difference in build time among variants in this family. Each beam has exactly the same shape and size for each of its layers along the build orientation. Therefore the difference in build time is determined only by the 2D beam geometry which is the result of topology optimization.

Since all the variants in the above family were derived from a product platform, the manpower cost induced by human effort in build preparation and post-processing is approximately the same for all nine beams. The overhead cost is assumed a constant in this case for simplicity. Therefore, the difference between variants’ cost is introduced by the first two terms in the above equation which contain the variable M and t for each sample.  




Case study 

 Manufacturing time and cost of each variant in the 
product family 
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So this is the figure we obtained. The blue curve shows the manufacturing time, and the red curve shows the cost values. The general trend is obviously that the increase of material consumption will also increase the manufacturing time and cost values. However, it is not always true. For example, if we look at this portion of the figure, Beam NO. 8 uses less material than NO. 9 and 10, but the more complex geometry of Beam 8 requires longer print head movement path on each layer, which results in longer build time compared to 9 and 10. In the present study, the machine operation cost per unit time has a larger contribution to the total cost than material cost per gram. Therefore, correspondingly,   the cost of samples with more materials (Sample 9 and 10) may also be lower than that with less material (Sample 8). Although the above discussion is based on FDM process, similar analysis may also be applied to some other AM processes using different materials. and other materials, with different unit material cost and unit operation cost. 




Closing remark 
 A resource-driven product family design framework 

in additive manufacturing 
 Parts with complex geometry and material 

distribution can be manufactured by AM, which 
provides more freedom to product family design 

 Tradeoff is found between product performance and 
resource consumption 

 Resource consumption (material usage, manufacturing 
time, and cost) can be a consideration for selecting 
production plan 
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Now, to summarize, in our present study, we have proposed a resource-drive product family design framework in additive manufacturing, which incorporates topology optimization, finite element analysis, dfam rules and constraints, and cost analysis�
It is found that Parts with complex geometry and material distribution can be manufactured by AM, which provides more freedom to product family design. It was also found that there is a tradeoff between product performance and resource consumption of each variants within the family�
And eventually, resource consumption (material usage, manufacturing time, and cost) can be taken as a key consideration for selecting production plan, to meet diversified customer needs, and to improve profitability and sustainability



Future work 

 
 Costing models for other AM processes 

 
 More complex products, perhaps with assemblies 
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These are our recommended future works, we can perhaps create some more comprehensive costing models for other AM processes.
And we can extend the application of the recourse-driven design concept to the designing of more complex products, perhaps with some level of assemblies, instead of a simple component like our cantilever beam in the present study�
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So this is the end of my presentation, thank you for your attention�
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