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ABSTRACT: Multidisciplinary design optimization (MDO) is an area of mathematical research to 
solve complex engineering design problems involving multiple disciplines which usually interact 
with each other. Previous MDO studies have mainly focused on aircraft and energy system design. 
However, MDO has not been explored in the concurrent engineering of additive manufactured 
products. In this paper, an MDO problem is formulated to optimize additive manufactured 
customized products, aiming to satisfy customization requirements, reduce costs, and guarantee 
structural integrity of mechanical components. Therefore, disciplines that are incorporated into the 
proposed MDO problem include consumer preference modeling, production costing, and structural 
mechanics. Additive manufacturing (AM) process-specific design constraints are expressed in the 
constraint functions of the MDO. Component, AM process, and material selection as well as
product geometric parameters are chosen as design variables, and their optimal values are 
identified by the MDO simultaneously. Metamodels generated by data obtained from high-fidelity 
finite element models (FEM) are applied in the proposed MDO to speed up the solving process. 
Multi-objective genetic algorithm (GA) is adapted to solve the MDO problem. A case study in 
designing customized trans-tibial (TT) prosthesis with additive manufactured components is 
presented to illustrate the proposed MDO method. A multi-dimensional Pareto optimal set of 
design variables can be successfully calculated from the MDO.

KEYWORDS: Multidisciplinary design optimization, Additive manufacturing, Customized 
products

INTRODUCTION

Multidisciplinary design optimization (MDO) is a research domain of solving complex 
engineering design problems incorporated with multiple interacting disciplines (Martins and 
Lambe 2013). Research has been done in formulating and solving MDO problems for aircrafts 
(Moon et al. 2014) and energy generation systems such as wind turbines (Ashuri et al. 2014),
aiming to improve machine performance or energy efficiency. However, MDO problem has not 
been formulated for additive manufactured customized products which involve disciplines of 
customer preference modeling, AM production costing, and structural mechanics. In this research, 
the MDO architecture is proposed for additive manufactured customized products, with the 
optimization objective as achieving individualized customization at low costs. Additive 
manufacturing (AM) design freedoms and constraints are also incorporated in the proposed MDO 
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architecture. A multi-objective genetic algorithm is adapted to solve the MDO. The case study of 
customized trans-tibial (TT) prosthesis is used to illustrate the proposed MDO architecture.

THE MDO ARCHITECTURE

Design Variables
As expressed in Eq. (1), component selection (S), process selection (Pr), material selection (Mr), 
and component geometric parameters (D) are included in the design variable (X) in the MDO for 
an additive manufactured customized product. S, Pr, and Mr are sets of discrete numbers
indicating collections of available component, process, and material choices; while D is a vector of 
continuous values.

[ , ( ), ( ), ( )]S Pr PrX S Pr Mr D (1)

Incorporation of Multiple Disciplines
Three disciplines are incorporated in the MDO architecture for additive manufactured customized 
products. The first principle is customer preference modeling. Utility, whose concept was adapted 
from marketing science, is a general term to describe the value of a product perceived by 
customers in the same market segment. Mathematically, utility can be modelled by a part-worth 
function (Luo et al. 2014) as formulated in Eq. (2)

1
[ ( )]p

U

A X
(2)

where is the independent identically distributed (IID) error term which can be assumed zero in 
most cases. A is the vector of totally key attribute level which are functions of the product’s 
design variables X. A is the th element of A. is a vector of utility weights that can be obtained 
from market surveys followed by conjoint analysis. AM technologies provide designers with the 
capability to customize the product to meet each individual customer’s requirement (Ko et al. 
2015). The match between the product performance vector (P) and the target customer’s 
requirement vector (T) is represented in Eq. (3):
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The second principle is AM production costing, which estimates and controls the total cost of a 
product at the design phase. For an additive manufactured customized product, its total cost can be 
formulated as:

1

K
Component Design Process
k k k

k
C C C CX X X (4)

where K is the total number of component in the product; Ck
Component(X) is the unit cost of 

fabricating the kth component; k
Design(X) is the extra cost incurred from customizing the 

component design for individual customers; and k
Process(X) is the extra cost in operating 
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different manufacturing processes based on different customers’ requirements. For additive 
manufactured customized products, the method of calculating k

Design(X) is presented in (Yao et 
al. 2016b), which established the mathematical relationships between design parameter 
customization to production costs. The estimation of k

Process(X) has also been discussed in 
previous research (Yao et al. 2016a).

The third discipline is structural mechanics that predicts forces and displacements within 
mechanical components under working conditions. Design constraints have to be implemented 
during the MDO in order to ensure structural integrity and avoid excessive deformations. Finite 
element models (FEMs) are created to simulate stress and strain at critical locations of additive 
manufactured parts such as sharp corners, thinnest areas, joints, and contact loading areas etc.
However, high-fidelity FEMs are computationally expensive are time consuming. Therefore,
metamodels generated by data obtained from FEMs are applied in the MDO to improve the 
solving speed (Viana et al. 2014). In this research, artificial neural network (ANN) (Asadi et al. 
2014) is adapted to generate metamodels. As shown in Figure 1, a set of design variable sample 
points (XS) are selected as input to the FEM which generates the simulated output (YS). In the next 
step, a back-propagation (BP) ANN metamodel is trained using XS and YS vectors are training data 
pairs. The trained metamodel is then applied in the MDO solving process whenever the actual 
design point (X) is updated and the output (Y) is predicted. Component strength requirements of 
the kth component can be represented as:

 ( )
( )

 ( ) Critical

Stress Concentration Stress Concentration
Maximum Deformation Maximum Deformation

X
MM X

X
(5)

where MM(Xk) represents the metamodel derived from structural mechanics FEMs.

Figure 1. Incorporation of metamodels in the MDO architecture

Design Freedoms and Constraints
AM enables designers to modify product designs at low cost without extra tooling. However, 
restrictions, such as material availability and dimensional limitations, still exist in designing 
additive manufactured components. These restrictions are formulated in the inequality constraint 
functions of the MDO, with their general format shown in Eq. (6): 

min max
1 2, , ( ) , ( ) , , , ZPr Pr Pr Pr Pr Mr Mr MrDS D D Mr Mr (6)

where DS(Pr) represents the “design space” of a component fabricated by a particle process Pr.
The vectors (Dmin, Dmax) are the minimum and maximum allowable geometric parameters 
respectively. The set Mr(Pr) represents the available materials in the process Pr.
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The Complete MDO Problem Formulation
Based on the above discussions of design variables, objectives, and constraints, the complete 
MDO problem can be formulates as:

1 1 11 1
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Population-Based Solving Algorithm
The proposed MDO formulation is a multi-objective, nonlinear, and mix-integer optimization 
problem that can be solved by population-based evolutionary algorithms (Moon et al. 2014). In 
this research, the multi-objective genetic algorithm NSGA-II (Deb et al. 2002) is adapted, with the 
chromosome encoded to represent design variables of additive manufactured customized products.
The MDO solving procedure is illustrated in Figure 2. The final solution is a multi-dimensional 
Pareto front that consists of a set of non-dominating optimal product design variables.

Figure 2. The proposed MDO solving procedure

CASE STUDY

The proposed MDO method is illustrated in the case study of designing customized trans-tibial 
(TT) prostheses. Fabrication of TT prostheses using AM techniques has been reported in 
literatures (Petrovic et al. 2011). As shown in Figure 3 (a), the socket, foot, blade, and protective 

Initial chromosome 
population: X0

Discipline 1: customer preference 
modeling

Discipline 2: production costing

Discipline 3: structural mechanics

Evaluate objective:
max: Ui

Evaluate objective:
min: Matchij

Evaluate objective:
min: Cij

Evaluate constraint:
MM(X) {stress, deformation}Critical

Evaluate constraint:
DS(Pr)

Update chromosome population X:
Selection
Mutation
Crossover

Convergence?

End

Yes

Non-dominated + 
crowding distance 

sorting
X’

Max iteration?

Yes

219



Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

cover of the TT prosthesis are customized for users with different physical characters or 
performance requirements. The walking motion of a user wearing the customized prosthesis
(Figure 3 (b)) is simulated in the open-source software OpenSim. Reaction forces are obtained 
from the simulation, and used in the FEM (Figure 3 (c)) to generate the metamodel that estimates 
stress concentration and deformation.

Figure 3. (a) TT prosthesis CAD models, (2) walking simulation, and (3) components’ FEMs

Two major market segments, i.e. “Casual Users” and “Sporty Users”, are identified among TT 
prosthesis customers. The MDO solution for an individually customized TT prosthesis is a Pareto 
front as shown in Figure 4. The three dimensions in the Pareto front are 1) customer-perceived 
utility in the corresponding market segment, 2) the total cost, and 3) performance match for the 
individual customer. As indicated in Figure 4, the Pareto optimal solutions form four groups, each 
of which represent a set of designs with the same component and process selections. It can be 
observed that in each group of solutions, the utility has no significant changes across different 
design points. However, the improvements of performance match for individual customers 
(indicated by smaller Match values) result in higher total cost. Depending on the manufacturer’s 
cost expectation, designers can select the suitable design among each group of Pareto optimal
solutions.

Figure 4. The Pareto optimal solutions of MDO for a customized product

CONCLUSIONS

In this research, we proposed the MDO architecture for additive manufactured customized 
products, aiming to achieve customer satisfaction at low costs through the identification of optimal 
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design solutions. Customer preference modeling, production costing, and structural mechanics 
were incorporated in the MDO. A multi-objective genetic algorithm was adapted to solve the 
MDO problem. The case study of TT prosthesis was used to illustrate the usage of the MDO 
architecture, from which Pareto optimal solutions were obtained. In future work, various
optimization constraints, such as lead time and procurement costs, can be added to the MDO.

ACKNOWLEDGMENTS

This research was supported by SERC, A*STAR Industrial Additive Manufacturing Programme, 
SIMTech-NTU Joint Lab, and an AcRF Tier 1 grant (RG94/13) from Ministry of Education, 
Singapore.

REFERENCES

Asadi, E., Silva, M. G. d., Antunes, C. H., Dias, L. and Glicksman, L. (2014). "Multi-objective 
optimization for building retrofit: A model using genetic algorithm and artificial neural network 
and an application." Energy and Buildings 81, 444-456.

Ashuri, T., Zaaijer, M. B., Martins, J. R. R. A., van Bussel, G. J. W. and van Kuik, G. A. M. 
(2014). "Multidisciplinary design optimization of offshore wind turbines for minimum levelized 
cost of energy." Renewable Energy 68(0), 893-905.

Deb, K., Pratap, A., Agarwal, S. and Meyarivan, T. (2002). "A fast and elitist multiobjective 
genetic algorithm: NSGA-II." Evolutionary Computation, IEEE Transactions on 6(2), 182-197.

Ko, H., Moon, S. K. and Hwang, J. (2015). "Design for additive manufacturing in customized 
products." International Journal of Precision Engineering and Manufacturing 16(11), 2369-
2375.

Luo, X., Yang, W., Kwong, C., Tang, J. and Tang, J. (2014). "Linear programming embedded 
genetic algorithm for product family design optimization with maximizing imprecise part-worth 
utility function." Concurrent Engineering 22(4), 309-319.

Martins, J. R. R. A. and Lambe, A. B. (2013). "Multidisciplinary Design Optimization: A Survey 
of Architectures." AIAA Journal 51(9), 2049-2075.

Moon, S. K., Park, K. and Simpson, T. (2014). "Platform Design Variable Identification for a 
Product Family using Multi-Objective Particle Swarm Optimization." Research in Engineering 
Design 25(2), 95-108.

Petrovic, V., Vicente Haro Gonzalez, J., Jordá Ferrando, O., Delgado Gordillo, J., Ramón Blasco 
Puchades, J. and Portolés Griñan, L. (2011). "Additive layered manufacturing: sectors of 
industrial application shown through case studies." International Journal of Production 
Research 49(4), 1061-1079.

Viana, F. A. C., Simpson, T. W., Balabanov, V. and Toropov, V. (2014). "Metamodeling in 
Multidisciplinary Design Optimization: How Far Have We Really Come?" AIAA Journal 52(4), 
670-690.

Yao, X., Moon, S. K. and Bi, G. (2016a). "Commonality and performance metrics of product 
families implemented with addtive manufactured variable platforms". Internation Conference on 
Innovative Design and Manufacturing (ICIDM), Auckland, New Zealand.

Yao, X., Moon, S. K. and Bi, G. (2016b). "A Cost-Driven Design Methodology for Additive 
Manufactured Variable Platforms in Product Families." Journal of Mechanical Design 138(4), 
041701-041712.

221


