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ABSTRACT: Current computer-aided design (CAD) systems are not computationally efficient for 
exploring the growing design space of products manufactured with additive manufacturing (AM).
A rapid method with sufficient fidelity is desired. Meanwhile, uncertainties within the additive 
manufacturing process should be adequately considered. This study presents a rapid design 
exploration framework which considers the additive manufacturing process uncertainty based on 
metamodels. The framework is demonstrated with a multi-material designed stiffness construct 
design case, with an embedded horseshoe structure, which is manufactured with projection-based 
stereolithography (SLA) process.

KEYWORDS: Design for additive manufacturing, computer-aided design, design space 
exploration, uncertainty assessment.

INTRODUCTION
State-of-the-art studies in the literature have demonstrated successful applications with additive 
manufacturing technologies to fabricate multi-material devices with multiple functionalities. The 
product design space has been dramatically enlarged by these advances and is limited by much less 
manufacturing constraints compared with the conventional approach. However, such a paradigm 
shift is not sufficiently reflected within current CAD systems which mainly suit designing products 
in mass production. In this design workflow, a baseline product is first created and then modified 
iteratively through high-fidelity analysis and simulations which are computationally expensive. The 
potential of additive manufacturing is not fully exploited in the current scheme. Moving towards 
design for additive manufacturing (DfAM), a CAD system for AM shall assist the designer to rapidly 
explore the entire design space with sufficient fidelity while ensuring that manufacturing constraints 
are not violated.

Nowadays, engineers are fully aware of additive manufacturing constraints, e.g., overhang and 
undercut structures which have formed as guidelines for designing AM products. However, 
uncertainties within the additive manufacturing process have not been adequately considered in the
design phase, while an often-taken approach is to minimize the uncertainty through process 
improvements. To have a more realistic prediction about manufactured parts, the information about 
the manufacturing process, in addition to CAD representations, should be integrated into the 
performance analysis.

To address the above challenges, this paper presents a rapid design exploration framework under 
AM process uncertainty. The framework utilizes computationally efficient surrogate models, also 

metamodels which are trained through a set of observations of computationally expensive 
high-fidelity models. The framework is demonstrated with a multi-material designed stiffness 
construct which is manufactured with projection based stereolithography.
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(Y*|Y, X, X*) (denoted as P(Y*|Y)). The response in the performance space is assumed to have its 
finite-dimensional distribution as Gaussian, , and , where  is the 
mean value and  is the covariance function which takes different kernels, e.g., squared exponential 
and kriging functions. Subscripts denote their specific values respect to Y and Y*. Based on the 

, the Gaussian distributed  is expressed as: 

 (1) 

The set of mean values, , can be represented using a polynomial regression model . H is a set 
of basis functions for the design parameters which can take the 0th,1st, or higher order forms;  is the 
corresponding coefficient vector and its prior is Gaussian,  . The best prediction in 
(2) is updated based on the expression proposed by Rasmussen and Williams (2006):  

.   (2) 

The metamodel approximation uncertainty is: 

, (3) 

where,  and . 
 
In addition to the metamodel approximation uncertainty, the manufacturing uncertainty exists which 
results in the actual input becoming X*+q rather than the nominal design input, X*. The 
manufacturing uncertainty, q, is assumed Gaussian, q ~ . Sources of uncertainties in 
the additive manufacturing process are plenty, e.g., the uncontrollable oxygen inhibition in the SLA 
process, the stochastically distributed powder size in the selective laser melting process, etc. Recent 
efforts attempt to quantify process uncertainties using multiscale computational models. An 
alternative approach is to characterize process uncertainty with an empirical statistical model based 
on experiments. Without considering the metamodel approximation uncertainty and using the best 
prediction, 1, Equation (2) is updated to include the uncertainty q as:  

,   (4) 

and its variance due to manufacturing uncertainty only is: 

 , (5) 

where, p(q) is the probability density function.  
 
Considering both metamodel approximation and manufacturing uncertainties, the best prediction Y* 
for the design inputs X* is given as Zhou et al. (2017):  

,     (6) 

and the uncertainty about this prediction is:  

.   (7) 
 
 

CASE STUDY 
The design case of interest is a multi-material construct with designed stiffness characteristics.  The 
idea is to selectively stiffen an elastomer, hydrogel, or other low-modulus material with an 
embedded design structure composed of a material with a much higher modulus. Horseshoe 
structures were selected as the embedded structure since they have a high area coverage ability and 
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